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Observation of new type resonances in triple barrier resonant

tunneling diodes
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Current—voltage characteristics measured in triple barrier resonant tunneling diodes reveal new
features about energy level alignment in a superlattice. Our data indicate that energy levels in the
two quantum wells are not aligned at current peaks. Current peaks are observed when one of the
energy levels in the two wells becomes resonant with the emitter level. One of the current peak was
thermally activated, and showed inverted bistability at 77 K temperature. We explain that this is due
to X state assisted tunneling. © 1997 American Institute of Physics. [S0021-8979(97)04818-4]

I. INTRODUCTION

Since the original proposal of a superlattice structure by
Esaki and Tsu,I there has been considerable interest in the
transport properties of this structure. In a superlattice,
current—voltage characteristics show multiple peaks due to
nonuniform electric field distribution in the structure, which
is called high field domain formation.>> It was previously
thought that the electric field in a superlattice always aligns
the energy levels of the neighboring wells at the same height.
However, Kwok er al. recently reported that the electric field
in the high field domain is lower than the field for resonant
alignment.* Their photoluminescence experiments showed
that resonant alignment of energy levels occurred only for a
narrow region of bias. It was explained that the nonresonant
alignment is due to current conservation across the structure.
Since the upper level current is much larger than the lower
level current, resonant alignment is not allowed because of
the current difference.

The details of energy level alignment by the applied
electric field is not yet thoroughly understood. It was not
easy to interpret superlattice current—voltage (I-V) data
since there are many wells involved, where each well can
give current peaks of a different nature. In order to simplify
this problem, we studied the transport properties of triple
barrier resonant tunneling diodes.> Although these diodes are
a short version of a superlattice structure, they still demon-
strate the interactions between quantum wells. Our data re-
veal new features about energy level alignment. Our data
show that a current peak is observed when any energy level
in the two wells is resonant with the emitter level, without
energy level alignment between neighboring wells. In addi-
tion, our data show that tunneling between next-to-nearest
wells can be as strong as tunneling between nearest neigh-
bors. One sample showed inverted bistability, where upward
sweep shows lower current than downward sweep. We ex-
plain that the bistability is related to the X state in AlAs
barrier.
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Il. EXPERIMENTS

The structures used in this study are made of
Ing 53Gag 47As wells and AlAs barriers, grown by molecular
beam epitaxy (MBE) on n* InP substrates. The triple barrier
structure is made of (starting from the substrate side) AlAs
barrier, narrow InGaAs well, AlAs barrier, wide InGaAs
well, and AlAs barrier. Three different structures A, B, and C
were grown. In these structures, the width of the narrow well
was fixed to 58 A. The widths of the wide well and the
barrier are 71 and 25 A, respectively, for sample A; 65 and
25 A for sample B; 65 and 35 A for sample C. The contact-
ing layers on the top and the substrate side are Si doped
InGaAs layers with 7X 10'7 cm™ doping density. An un-
doped InGaAs spacer (64 A) was inserted between the con-
tacting layers and the triple barrier structure. An Au disk of
50 or 100 um diam was deposited for an ohmic contact,
which also serves as a mesa etch mask. Current—voltage
characteristics were measured at room temperature and 77 K
using a Hewlett—Packard 4142B dc source/monitor.

We calculated energy levels and wavefunctions of triple
barrier resonant tunneling diode (RTD) structures. The en-
ergy levels and wavefunctions were obtained by matching
wavefunctions [exp(*ikx), exp(=gx)] and their derivatives
at the six interfaces between InGaAs and AlAs. Nonparabo-
licity was included by using the method in Ref. 6.57 Figure 1
shows squares of electron wavefunctions in sample B. The
calculated wavefunctions are localized in a single well with
only small penetration into the other well, due to the thick
barriers. The four energy levels in Fig. 1 are equivalent to the
first and second energy levels in the two wells, and we call
these n; and n, for the levels in the narrow well, and w, and
w, for those in the wide well. The calculated energies for
sample B are w,=134, w,=389, n;=159, and
n,=435meV. For sample C (35-A-thick barriers), the cal-
culated energies are within =2 meV of those in sample B.

Figures 2 and 3 show room temperature and 77 K I-V
characteristics measured in the triple barrier diodes. At a
positive bias, the top side is positively biased, and the sub-
strate side becomes the emitter. Although the current scale is
different for the three samples, the peak voltages are nearly
the same, which are marked by the vertical lines. In the fig-
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FIG. 1. Squares of electron wavefunctions calculated in sample B. Substrate
is on the left side of the triple barrier diode structure.

ures, the peak positions are named by the energy levels. The
relation between the peaks and the energy levels will be dis-
cussed later. Sample C has thicker barriers, so that the peak
positions are slightly higher than those of sample B.
(Samples A and B are different in the wide well width, and
samples B and C are different in the barrier thickness). In
Fig. 2, two current peaks are observed on the positive side
(0.65 and 1.10 V), and two peaks on the negative side
(—0.25 and —0.82 V). The peak at —0.82 V becomes
stronger in the 77 K data shown in Fig. 3. In addition, Fig. 3
shows another peak at 0.32 V. This peak becomes clear in
the d1/dV curve, and the position is marked as a dashed line
in Fig. 2. In Fig. 3, sample B shows inverted bistability
around 12 V.

In Fig. 4, we show I-V data for a larger bias range up to
+4 V. The upper curve is from a 50 um diam device of
sample B, and the two lower curves are from a 100 um diam
device of sample C. The solid curves were measured at room
temperature, and the dashed curve was measured at 77 K.
Note that four peaks are observed on the positive and nega-
tive sides of sample C. Sample B (50 um device) also shows
four peaks in the negative side. In sample B, the small peak
positions (w; and n,) are the same as those of sample C, but
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FIG. 2. I-V characteristics of 100 um diam devices of samples A-C, mea-
sured at room temperature. The sequence of electron flow for positive bias is
emitter—narrow well—wide well.
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FIG. 3. I~V characteristics of samples B and C (100 xm diam) measured at
77 K, and derivative of sample B’s [-V. In the I-V curve of sample B, the
arrows around 1.2 V indicate voltage sweep direction.

the two large peak positions on the negative side (7, and w,)
are different from those of sample C. The n,, w, peak po-
sitions of sample B were not the same when different pieces
from the same wafer were measured, and we think that this
variation is due to peak voltage shift from the large current.

ll. DISCUSSIONS

It is important to note that four current peaks are ob-
served in a two-well RTD structure, in which each well has
two energy levels. Our structures have five energy levels:
one is the emitter level, and the other four are the quantum
well levels. If the quantum well energy levels have to align
to make current peaks, a maximum of three peaks should be
observed at both polarities of bias. The three peaks at nega-
tive bias would be e—w,—n,;, e—w;—n,, and e~w,
—n,, where e is the emitter level. The alignment e —w,
—n, is not allowed because the w, level is much higher than
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FIG. 4. I--V characteristics of 50 um diam sample B and 100 um diam
sample C for a larger bias range. Solid curves were measured at room
temperature, and dashed curve was measured at 77 K.
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TABLE 1. Energy levels obtained from the I-V peak positions of sample C,
and calculated from the Schrodinger equation. Wide well width is 65 A, and
narrow well width is 58 A. X state energy was obtained from w, peak of
sample B.

Energy level Positive bias Negative bias Calculation
wy 0.22eV 0.33eV [34meV
wy 0.72eV 0.89%eV 389meV
ny 0.25eV 0.24eV 159meV
n, 0.80eV 0.98eV 435meV
X 0.54eV

n; level. At a positive bias, the three peaks would be e
—n —w;, e—n;—w,, and e—n,—w,. In the level align-
ment picture, a total of six peaks should be observed, but our
data show eight peaks. We believe that the peaks observed in
our data are from resonant tunneling between the emitter
level and one of the quantum well levels, not from the level
alignment between neighboring wells.

Instead of using a level alignment picture, we can relate
the four current peaks to the four individual energy levels in
Fig. 1. In this picture, the current peaks show up when any
quantum well level and the emitter level are resonant. On the
positive side, the four peaks are w,, n;, w,, and n, reso-
nances. On the negative side, they are n,, w,, n,, and w,.
This is shown in Figs. 2—-4. We tried to calculate energy
levels from the peak positions in the [-V data. In the calcu-
lation, we assumed that the Fermi level at the end of the
spacer is in resonance with the quantum well energy level.
Depletion was not included, since at high doping density it
does not make much difference in peak voltage. The energy
level of a double barrier RTD (55 A InGaAs well, 25 A AlAs
barrier, 2X 10'® cm™ doping density) calculated by this
method was 0.20 eV, which is half of the peak voltage. The
results for triple barrier diodes are listed in Table 1. They are
much larger than those from the Schrodinger equation, but
compared to 0.20 eV of the double barrier structure they are
acceptable. The values on the negative bias are larger than
those on the positive side, and this could be due to asymmet-
ric dopant distribution. Although the energy levels obtained
this way is larger than those from the calculations, the over-
all behavior supports that the current peaks in our data are
from the four energy levels.

The w, peak (1.1 V) of sample B showed a thermally
activated behavior. When the temperature was lowered, the
peak current decreased, while other peaks remained almost
unchanged. This means that around 1.1 V bias there is an
energy level which is slightly higher than w, level. But the
n, level is too high to be thermally activated, and we think
that this is due to the X state in the middle AlAs barrier. By
assuming that this is X assisted w, peak, we obtained 0.54
eV for the X state energy. The AlAs X state is located at 0.14
eV from GaAs conduction band edge, and the conduction
band energy difference between Ing53Gag 47As and GaAs is
estimated at about 0.4 eV, so that this is in good agreement
with 0.54 eV obtained above.

In Fig. 3, sample B shows inverted bistability at 77 K in
the region around 1.2 V. The bistability disappeared below
50 K when the peak current was small. The inverted bista-
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bility has been reported before in a double barrier structure,®
and it was explained by charge build up in the well. In our
picture, the peak at 1.27 V is due to the resonance between
the emitter level and the second level (w,) in the wide well,
and assisted by the X state in the middle barrier. We think
that the bistability is related to the charge build up in the
AlAs barrier. In sample A, the wide well width is 71 A, and
the energy separation between w, level and the X state is
larger, so that the bistability is not observed.

One of the strong peaks in the negative side (Fig. 4) is a
resonance between the emitter and the narrow well (n;). In
this bias polarity, the emitter and the narrow well are not the
nearest neighbors, since the wide well is in between them. It
means that a resonance between next-to-nearest wells can be
as strong as the resonances between the nearest wells. This
kind of resonance in a superlattice has not been considered
so far. In a superlattice, each well can be the emitter for the
wells in the low energy side, and it was assumed that only
the nearest neighbor can be a current source. In contrast, our
data indicate that a well can inject electrons farther than to its
nearest neighbor. This can be explained by considering the
length of the localized electron wavefunctions in a
superlattice.” If the wavefunction covers more than one pe-
riod of a superlattice, it will be possible to observe this type
of resonance.

There can be other mechanisms to explain the four
peaks, such as phonon assisted tunneling. In I-V data, pho-
non assisted tunneling peak follows the main peak, and is
very weak at room temperature.'® From the characteristics of
our peaks, we think that they are not originated from phonon
assisted tunneling.

IV. CONCLUSION

We present transport data measured in triple barrier reso-
nant tunneling diodes. Current peaks are observed when any
energy level in the wells becomes resonant with the emitter
level. Our data indicate that the energy levels in the neigh-
boring wells are not aligned, and the resonance condition can
also be satisfied between next-to-nearest neighboring wells.
One of the peak showed thermally activated behavior and
bistability. We explain that this is due to X assisted tunneling
when the X state and one of the energy levels is energetically
close.

ACKNOWLEDGMENTS

We thank D. M. Kim at Kookmin University and Gyun-
gock Kim at ETRI for helpful discussions. This work was
supported by Ministry of Education through Inter-university
Semiconductor Research Center (ISRC 95-E-3016) in Seoul
National University. The work at UCLA was supported by
AFOSR/JSEP.

'L. Esaki and R. Tsu, IBM J. Res. Dev. 14, 61 (1970).

2L. Esaki and L. L. Chang, Phys. Rev. Lett. 33, 495 (1974).

3H. T. Grahn, H. Schneider, and K. v. Klitzing, Appl. Phys. Lett. 54, 1757
(1989).

4S. H. Kwok, R. Merlin, H. T. Grahn, and K. Ploog, Phys. Rev. B 50, 2007
(1994).

5T. Nakagawa, H. Imamoto, T. Kojima, and K. Ohta, Appl. Phys. Lett. 49,
73 (1986).

Jo, Alt, and Wang




®H. €. Chui, E. L. Martinet, M. M. Mejer, and J. S. Harris, Appl. Phys. M. Davies, M. Heath, and M. Maldonado. Solid-State Electron. 32, 1191

Lett. 64, 736 (1994). (1989).
"In the calculations, electron effective mass is 0.032, AlAs barrier height is 98. Khorram, J. Jo, K. L. Wang, T. Block, and D. Streit, Phys. Rev. B 51,
1 eV, InGaAs band gap is 0.78 eV, and the nonparabolicity factor « is 17 614 (1995).
-0.86. '"M. L. Leadbeater, L. Eaves, M. Henini, O. H. Hughes, G. Hill, and M. A.
8A. Celeste, L. A. Cury, J. C. Portal, M. Allovon, D. K. Maude, L. Eaves, Pate, Solid-State Electron. 32, 1467 (1989).

J. Appl. Phys., Vol. 82, No. 6, 15 September 1997 Jo, Alt, and Wang 2983




S

Effect of doping density on capacitance of resonant tunneling diodes
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We studied capacitance and parallel resistance in resonant tunneling diodes as a function of the
doping density in the emitter and the collector regions. Capacitance was obtained by analyzing
resonance in the admittance measured. Our data show that the capacitance varies with the doping
density, and that the capacitance is smaller than the value expected from the growth parameters.
Electron density modulation exists around the barriers, and capacitance has doping density
dependence as a result of the modulation. © 1997 American Institute of Physics.

[S0021-8979(97)05422-4]

INTRODUCTION

In a resonant tunneling diode (RTD), capacitance is an
important parameter in determining its high frequency char-
acteristics. There have been reports about capacitance mea-
surements in RTD structures,' > but the effect of doping den-
sity in the emitter and the collector has not yet been
analyzed. In this work we investigated the device parameters
of a RTD as a function of the doping density. The RTD
capacitance was usually obtained from the slope of the
imaginary part of the admittance, which was measured by an
impedance meter at a fixed frequency. This method,
however, is not accurate because a RTD device is a combi-
nation of resistance, capacitance, and wire inductance.

In order to obtain an accurate capacitance value, we used
resonance of the RTD. It was determined that the Au wire
(18 pm diameter, 4 mm long) used in the RTD connection
had about 8 nH of inductance. This is larger than the theo-
retically expected value of 3 nH,* because of the magnetic
material used in the header where the RTD is mounted.
When a RTD is connected by the Au wire, the whole circuit
becomes a series inductance-capacitance (LC) circuit due to
the wire inductance and the RTD capacitance, and a LC reso-
nance is observed in the admittance. For a 100 wm diameter
RTD, the resonance frequency is in the range of 300 MHz—
500 MHz, depending on the RTD capacitance. We measured
the admittance by sweeping the frequency up to 1 GHz, us-
ing a Hewlett-Packard 4191A RF impedance analyzer. The
RTD capacitance and the parallel resistance were obtained
by fitting the calculated admittance to the measured data.
The admittance changed drastically around the LC resonance
frequency, and the device parameters could be easily ex-
tracted because the resonance behavior was very sensitive to
the parameter changes.

EXPERIMENTS

The structures used in this study were made of
Ing 53Gag 47As layers grown by molecular beam epitaxy

JElectronic mail:jungyol @madang ajou.ac kr
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(MBE) on n+ InP substrates. Four samples (A, B, C, and D)
were investigated. The double barrier structure is composed
of an InGaAs well with AlAs barriers attached on both sides
of the well, all undoped. The growth parameters of the four
samples are listed in Table I. In all samples the well width
was fixed at 51 A. The R, L, and C values in Table I were
obtained from the admittance data, the details of which will
be discussed later. The contacting layers outside the double
barrier structure are 1000 A thick Si-doped InGaAs, with the
doping density N ranging from 8.6X 10 cm™3 to 2.0
X 10" cm™3. An undoped InGaAs spacer layer was inserted
between the contacting layer and the double barrier structure.
A 100 pum diameter Au disk was deposited as an ohmic
contact, and also served as a mesa etch mask. An 18 um
diameter Au wire of 3—5 mm length was bonded to the Au
disk for the connection.

Figure 1 shows the current-voltage characteristics of
samples A and C, measured at room temperature. The data
were measured by a Hewlett-Packard 4142B dc source/
monitor. Since sample C has a lower doping density, its peak
voltage is higher than that of sample A. The lower peak
current of sample A is due to the thicker barriers. Current
oscillations were observed in sample C when it was biased in
the negative differential resistance region.

The admittance (Y) of sample A measured by the RF
impedance analyzer is shown in Fig. 2. Figure 2(a) is without
any bias voltage, and Fig. 2(b) is with 0.45 V bias applied.
The dots in Fig. 2 represent experimental data, and the solid
curves represent calculated results using the circuit model of
the Fig. 2. The real part (Y,) shows a sharp peak at the
resonance frequency, while the imaginary part (¥ gy) changes
from a positive to a negative value as the frequency (f) is
increased beyond the resonance frequency. To clarify the
origin of the inductance in our device, we compared the in-
ductances of the wire connected between the terminals of the
header, one with a RTD mounted to it, and one without a
RTD. The two inductances measured this way were nearly
equal for the same wire lengths. In addition, the measured
inductances were proportional to the wire length. Thus it is
obvious that the inductance in the RTD system originates
from the Au wire.

© 1997 American Institute of Physics




TABLE 1. Growth parameters and measured R, L, C values for the four
samples.

A B C D
AlAs barrier (A) 32 25 25 25
InGaAs spacer (A) 64 64 64 16
Doping density Np, (10'® cm) 2.0 2.0 0.86 46
Rexr () 1.8 1.9 24 99
Leyr (nH) 83 70 83 89
Rp () 1250 350 260 630
Cp (pF) 16.5 17.8 15.8 30.3

EQUIVALENT CIRCUITS OF THE RTD

We modeled the RTD as a parallel circuit of Cp and
Rp, with an external inductor and resistor (Lgyr, Rexr)
connected in series to the RTD. This model is shown in Fig.
2(a). The R, L, C values listed in Table I were obtained by
fitting the calculated frequency characteristics to the f—Y
resonance data, measured at zero bias voltage.

When a bias voltage is applied to a RTD, the thermionic
current increases, and the parallel resistance R, decreases.
The height of the Y, peak is reduced by the applied bias as
shown in Fig. 2(b), since any decrease in R, lowers the Q
factor of the resonance circuit. Figure 2(a) shows the admit-
tance of sample A at zero bias voltage. In Fig. 2(a), the slope
of Yy, in the low frequency region is 16.5 pF, which is the
same as the value obtained from the resonance fitting. In Fig.
2(b), the Yy, slope is decreased by the applied bias, but the
slope is different from the capacitance obtained by the fit-
ting. (The slope of Y is 7.2 pF, while the capacitance from
the fitting is 11.3 pF.) We calculated the admittance of the

25 T
(a)
20 | sample A

15 |
10 +

wn
T

o

0.5 1 1.5 2 2.5

()
| sample C

160

Current (mA)
o

120
80 F U 4

40 e .

0 1 ! i ] 1
0 05 1 15 2 25 3

Voltage (V)

FIG. 1. Current-voltage characteristics of samples A and C measured at
room temperature.
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FIG. 2. Frequency dependent admittance of sample A at (a) 0 V and (b) 0.45
V bias voltage. The solid curves are calculated results, and the dots are
measured data. The straight line in (b) is for C,=11.3 pF.

circuit in Fig. 2 for different R, and Ly values to see their
effect on the Y slope.

Our calculations show that when R, is small, the slope
of Yo is lower than Cp. In addition, for Rp<60 Q [other
parameters being fixed to those values in Fig. 2(b)], the pres-
ence of Lgyr also lowers the slope of Yg,. This means that
the slope of Yy, gives lower capacitance values when either
Lgxr or Rp exists in the circuit. Since a RTD is made of R
and C, and is connected by an Au wire which has non-
negligible inductance, only frequency sweeping as shown in
Fig. 2 can give correct Cp values.

In Fig. 3 we show Cp, (circles) and Ry, (triangles) mea-
sured in sample A, as a function of applied bias. The solid
line represents calculated capacitance using the depletion
model in Ref. 2, with an initial separation of 590 A. Al-
though there is a discrepancy between the data and the cal-
culation, the measured and calculated capacitances behave in
similar ways. Due to the internal resistance of the impedance
analyzer, the sample could not be biased in the negative dif-
ferential resistance (NDR) region (0.8 V-1.3 V), where a
capacitance peak was observed before.? R, would have large
negative and positive peaks in the NDR region, and the
larger R, shown at the higher bias is a decreasing part of the
resistance peak. In Fig. 3 Rgyr obtained from the fitting in-
creased with applied bias, from 1.8 () to 4.0 2. We think
that this increase is due to the series resistance in the deple-
tion region of the collector. At a higher bias Lgyr decreased

Jo, Alt, and Wang 5207
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FIG. 3. Capacitance and parallel resistance of sample A as a function of bias
voltage. The circles represent capacitance, and the triangles represent paral-
fel resistance. The solid line was calculated from the depletion model.

from 8.3 nH to 7.4 nH. An inductance change by applied
bias was recently reported in Ref. 3, and it was suggested
that the current delay time change in the quantum well was
the reason for the change. In our structures the inductance
from the Au wire is much larger, and at this point we do not
understand the reason for the inductance decrease.

DISCUSSION

In Fig. 4 we plotted zero voltage capacitance as a func-
tion of the doping density. The data labelled U in the figure
is from Ref. 3. The inverse of the capacitance is shown by
circles, and the emitter-collector distance from the growth
parameters is shown by triangles. Here, the inverse of the
capacitance is Ae/Cp, where A is the area of a RTD, and €
is the dielectric constant (14 €, for InGaAs). It was expected
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Distance (A)
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100 saaal 2 4 5 22241 Laaas
10'° 10" 10'
ND (cm'3)

FIG. 4. The inverse of the measured capacitance (circles) and the emitter-
collector distance (triangles) from the growth parameters. The solid line is
the calculated distance between the emitter and the collector. The data la-
belled as U are from Ref. 3.
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that the inverse of the capacitance at zero bias voltage would
directly reflect the emitter-collector distance, independent of
the doping density N, in the emitter. However, Fig. 4 shows
that Cp depends on N, and the inverse of the capacitance is
much longer than the growth parameter. When N,=2.0
X 10" cm™3, the Cp’s of a 100 wm diameter RTD are 16.5
pF (sample A) and 15.8 pF (sample B), while the Cp, of
4.6x10'" cm™3 (sample D) is 30.3 pF under the same con-
ditions. The inverse of the capacitance is 590 A for 16.5 pF
and 321 A for 30.3 pF. In comparison, the distances between
the emitter and the collector from the growth parameters (in-
cluding spacer layer) are 243 A for sample A and 133 A for
sample D.

We discuss the doping dependence of the capacitance by
considering the shape of the wave functions in the emitter
and the collector. The wave functions in the emitter and in
the collector can be expressed as ¢/(z)exp(ikyx+ikyy), where
z is along the growth direction. Without a barrier, (z) will
be exp(ikzz). When a barrier is introduced at z=0, ¢(z)
changes to exp(ikzz)+R exp(—ikyz) for the z<O0 region,
where R is the reflection coefficient. If the barrier is high,
there is full reflection (R= — 1, (z)><sin(kzz)), and the elec-
tron density has a sine wave shape starting from zero at the
barrier interface. In the RTD case, the AlAs barrier height is
1 eV, and the electron energy is around 100 meV, so we can
expect large reflection and electron density modulation near
the barriers. Because of the charge modulation, the distance
between the electron systems in the emitter and the collector
is larger than the growth parameter. Since the doping density
Np determines the Fermi energy level in the doped region,
capacitance will have doping density dependence. When N
increases, higher k; states are occupied, and electron density
will reach N in a shorter distance.

When an electron profile has a shape distributed over a
finite width, the capacitance should be calculated by consid-
ering the change in the electron profile due to the applied
voltage.’ For a RTD structure we can approximate the dis-
tance between the points where electron density reaches Np
to be the emitter-collector distance. The capacitance in a
two-dimensional electron system was calculated in a similar
way with a numerical constant multiplied.’

We plotted the distance calculated for sample A as a
function of N (solid line) in Fig. 4. The electron density
was calculated by solving the Schrodinger equation numeri-
cally. Although there is about a 100 A discrepancy, the cal-
culated distance shows similar doping density dependence as
the inverse of the capacitance (circles). It is evident that the
distance from the growth parameters (triangles) is too small
to explain the measured capacitances. We believe that the
general agreement between the data and the calculation dem-
onstrates that RTD capacitance is determined by the charge
modulation in the region around the barriers.

We reported previously that a capacitance peak was ob-
served in the NDR region,? where the peak was explained by
a charge buildup in the quantum well. The charge buildup in
the well makes the emitter-collector distance shorter, and the
capacitance shows a peak structure. In our previous work the

Jo, Alt, and Wang




adrhittance was measured at a single frequency, and the slope
was taken as the capacitance. As mentioned in the beginning,
this method gives lower capacitance values, and the actual
capacitance value is larger than the values shown in Ref. 2.
Therefore, our observation that the measured capacitance
was much larger than the depletion capacitance is still valid.

The doping density dependence can be explained by an
electrostatic model, where electrons spill into the undoped
region in a n-i-n structure.® However, in a small dimension
structure, the exact nature of charge distribution near the
barriers should be described by the Schrddinger equation,
and the electrostatic model can give wrong answers.

When N, was increased to 2% 10'® cm™3, R, at zero
bias voltage dropped to 5 (2, and the LC resonance behavior
disappeared (not shown here). LC resonance also disap-
peared at high bias when R became small. It is believed that
the small Rp shorted the capacitance to change the whole
system into a L-R circuit.

In our calculations the electron density in the quantum
well increases with N . This electron density is a tail of the
wave functions in the emitter and the collector. The electron
density in the well increases with N, since higher k; is
occupied at higher N, . We can roughly estimate the order of
magnitude of the electron density to be Np|o/p|2. Here,
Yo is ¢ at the center of the well, and i is the peak value in
the doped region. In our calculations | ¢ /p|? changed by a
large amount when N, changed. The ratio |o/ip|? at
Np=2%10'" cm™3 is about 0.006, and the electron density
in the well could be as high as 10'® cm™3. At this high
density we can expect strong conduction between the emitter
and the collector. This is in agreement with the observation
of low Rp (5 Q) at Np=2%X10"® cm™3.

J. Appl. Phys., Vol. 82, No. 10, 15 November 1997

CONCLUSIONS

We obtained the capacitance and parallel resistance of
resonant tunneling diodes by measuring frequency dependent
admittance around a LC resonance frequency. The measured
capacitance showed doping density dependence. We ex-
plained that electrons in the emitter and the collector were
separated from the barriers by a finite distance, since the
wave functions were a sine wave shape starting from the
barrier. Our calculations explained the behavior of Cj and
Rp at different Np’s. The information obtained by this
method will be important in designing a RTD with improved
high frequency performance.
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Current-voltage characteristics in InGaAs/AlAs triple-barrier resonant tunneling diodes were investigated. Our data show
that a current peak is observed when any of the quantum well energy levels is resonant with the emitter level, without level
alignment between neighboring wells. When one of the well widths was increased, some peak voltages shifted, while others
remained unchanged. This indicates that the peak positions are associated to a specific well. When the temperature was
lowered, some peaks became stronger, while others became weaker. Our analysis shows that the weaker peaks are caused by
the resonances between the emitter and the far side well. At low temperatures, current injection to the far side well is more
difficult, and the current peak becomes weaker. These results indicate the conculsion that neighboring energy levels are not

aligned in these structures.

KEYWORDS: level alignment, resonant tunneling, charge build-up, temperature dependent current, electric field distribution,

triple-barrier diode

1. Introduction

Electric field distribution in a superlattice structure is im-
portant for determining the performance of vertical transport
devices. At low-bias voltage, the electric field is uniformly
distributed within the structure. At higher voltages, the elec-
tric field is no longer uniform because a high field domain is
formed." It was previously thought that the electric field in a
superlattice always aligns the energy levels of the neighboring
wells at the same height. Recently, there was an experimen-
tal report that the electric field in a superlattice is lower than
the field for resonant alignment.” The report showed that res-
onant alignment of energy levels occurred only for a narrow
region of bias. In order to investigate electric field distribu-
tion, we studied the current-voltage (/-V) characteristics of
triple-barrier resonant tunneling diodes.* Although this struc-
ture has only two wells, it demonstrates the interactions be-
tween quantum wells. Our data show that a current peak is
observed when any energy level in the two wells is resonant
with the emitter level, but shows no energy level alignment
between neighboring wells. Peak voltage shift could be re-
lated to the well width change, and current peaks showed two
different types of temperature dependence. These results in-
dicate the conculsion that energy levels in neighboring wells
are not aligned.

2. Experiments

The structures used in this study are made of Ing 53Gag 47As
wells and AlAs barriers, grown by MBE on n* InP substrates.
The triple barrier structure consists of (starting from the sub-
strate side) an AlAs barrier, narrow InGaAs well, AlAs bar-
rier, wide InGaAs well, and AlAs barrier. Three different
structures; A, B and C were studied. In these structures,
the width of the narrow well is fixed to 58 A. The wide-well
width is 71 A for sample A, and 65 A for samples B and C.
The barrier thickness is 25 A for A and B, and 35 A for C.
The contacting layers on the top and the substrate side are In-
GaAs layers with 7 x 107 cm~3 Si doping density. An Au
disk of 100-pum diameter was deposited for an ohmic con-
tact. Current-voltage characteristics were measured using a

Hewlett-Packard 4142B dc source-monitor.

We calculated the energy levels and wavefunctions by nu-
merically solving the Schrodinger equation. The calculation
results show two energy levels in each well, and the calcu-
lated energies for sample B are 134 and 389 meV for the wide
well, and 159 and 435 meV for the narrow well.

Figure 1 shows the I-V characteristics measured at room
temperature. At positive bias the top side is positively biased,
and electrons flow from the substrate through the narrow and
wide wells. In this figure, the peak voltages are similar for
the three samples, although the current scale is very different.
At low temperature, one more current peak was resolved at
0.3V (shown in Fig. 4 inset), and the position is indicated
by a dashed line in Fig. 1. Sample C has thicker barriers,
so that the peak positions are slightly higher than those of
sample B. Figure 2 shows the [-V data of sample C taken
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Fig. 1. Current-vohiage characteristics of the three samples measured at
room (cmperature.
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at higher bias range. Samples A and B did not exhibit any
peaks in the higher voltage region. In this figure, four peaks
are observed in one polarity of bias for sample C. If the levels
were aligned, the maximum number of peaks would be three.
Therefore, we can infer that the four peaks in our data are
from the resonances of the four energy levels with the emitter
level, and the peaks in the figure are named by the associated
energy levels. They are n,, w;, nz and w; on the negative
side, and w, ny, w2 and ny on the positive side.

Figure 3 shows how the peak positions respond to well-
width change. In this figure, the I-V data of samples A and B
are compared. Samples A and B are different only in wide-
well width. The width of the wide well is 71 A for sample
A and 65A for sample B. In Fig. 3(a) the n; position is
nearly fixed, but the w, position shifted to lower voltage when
the wide-well width was increased in sample A. Figure 3(b)
shows negative-side peak positions. In this figure the w; peak
also shifted to lower voltage in sample A. The Fig. 3(c) 77K
I-V data clearly show that the w; peak position is shifted to
lower voltage. Figure 3(c) also shows that the two peaks on
the negative side (sample A) are merged into one peak with

one wide negative differential resistance region. The shift of
the peaks in sample A indicates that they are related to the
wide-well width change. When the wide-well width was in-
creased, the energy levels of the wide well were lowered, and
the peak voltages were shifted to lower values. If the neigh-
boring well levels are aligned, the change of well width in one
of the wells should affect all of the peak positions. Our data
show that the level alignment does not occur in this case.

In Figs. 4 and 5 we show the temperature dependence of

I-V data. In Fig. 4, the wy peak at 1.2V became weaker at

low temperature, while the nn; peak at 0.7 V became stronger.

On the negative side, n; became weaker, while w; became

stronger. Similar behavior is observed in the /-V data of sam-
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Fig. 3. Comparison of peak positions for samples A and B. (a) is for pos-
itive bias and (b) and (c) are for negative bias. The wide-well resonances
(w; and w,) clearly show shift when the width was increased from 65 A

to71A.

ple C shown in Fig. 5. We believe that these results also sup-
port our individual resonance model. If current peaks show up
as a result of individual level resonance, the peaks can be di-
vided into two groups. One group contains the resonances be-
tween the emitter and the near side well, and the other group
contains the resonances between the emitter and the far side
well. For positive bias, the wide well is the far side well in our
structures, and in Figs. 4 and 5 we can see that the w, peak is
weaker at low temperature.

When the structure is at the far resonance, the first well can
be considered to be a barrier to the far side well. The trans-
mission through the first well can be altered by temperature,
since the transmission depends on the energy level position
and thermal activation. The energy levels in the first well are
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Fig. 4. Temperalure‘dependence of the resonances in sample B. 11 on the
negative side and w2 on the positive side became weaker at low tempera-
tures. Inset: -V characteristics of sample B on an expanded scale, between
0and0.6V.

not resonant to the emitter, and at room temperature, current
can flow via thermal excitation. At low temperature, ther-
mal activation becomes difficult, and transmission through the
first well decreases. In other words, the effective barrier be-
comes thicker at low temperature. This explains why the far
resonance shows weaker resonance at low temperature.

3. Conclusion

We presented experimental evidence which supports our
individual resonance model. The number of peaks, well-
width dependence and temperature dependence indicate that
the peaks in our data are due to resonances between the emit-
ter and independent energy levels, without level alignment be-
tween neighboring wells.

We would like to note that this model does not deny the oc-
currence of charge accumulation in quantum wells. Charge
accumulation in the wells could exist, but apparently the
charge accumulation is not strong enough to align neighbor-
ing energy levels to the same height. In some of our low tem-
perature -V data we observed bistability, which we think is
due to charge accumulation.

We demonstrated with our data that the resonance between
wells with one well in between can show peaks, especially at
room temperature. So far. only resonances between adjoining
neighbors were considered in a superlattice structure. How-
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Fig. 5. Temperature dependence in sample C. The behavior is similar to
those in Fig. 4.

ever, our data show that a well can inject electrons farther than
to its joining neighbor. This can be explained by considering
the length of the localized electron wavefunctions in a super-
lattice.®) If the wavefunction covers more than one period of
a superlattice, it will be possible to observe this type of reso-
nance.

In Fig. 3(c), two peaks were merged into one wide peak at
77K (sample A). This behavior has not been previously re-
ported. In a multi-barrier structure, it was not clear whether
two closely spaced levels merge into one peak or remain sepa-
rated by anti-crossing. Our data show that merging can occur
in such a case.
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A New Submillimeter Wave Semiconductor Source--Bipolar Injection
Transit Time Diode (BIPOLITT)

L. Chen and D. S. Pan
Electrical Engineering Department, UCLA

Abstract

We have proposed and analyzed a new submillimeter and deep millimeter wave transit
time device named BIPOLITT (Bipolar Injection and Transit Time). The device structure
is similar to a Heterojunction Bipolar Transistor (HBT) with the base terminal open
circuited to AC signal. The ambipolar diffusion process in the relatively long base is used
to achieve a phase delay of the injection current close to 180°(relative to the total
current). The collector depletion region is used as the drift zone. As an example, a
BIPOLITT diode for 300-400 GHz is designed and analyzed. The small signal specific
negative resistance is calculated to be about —3x107Qcm’. A detailed large signal
calculation at 300 GHz has shown an efficiency of at least 12% with about 2 mW output

power without spurious oscillation. The BIPOLITT is expected to work up to at 1 THz.




Semiconductor device oscillators in the submillimeter and deep millimeter wave
frequencies are recently being pursued by using Resonant Tunneling Diode (RTD) [1,2].
Currently, RTD sets the record of the highest oscillation at 712 GHz for semiconductor
devices. In comparison, the highest frequency transistor oscillator to date is 213 GHz.[3]

However, the power of RTD is very low, usually in the xW¥ range [1,2]. The recent result

of a 16 element RTD oscillator arrays designed with Schottky collectors and special bias

circuits has reported 28 uW at 290 GHz [2]. The spurious oscillation [4,5] due to the

inherent dc negative resistance of the RTD is the major difficulty in effectively applying

the device, despite clever remedies proposed [5].

In this letter, we report for the first time the simulation results of a proposed new
transit time device [6,7] called BIPOLITT (Bipolar Injection and Transit Time) for
applications in submillimeter and deep millimeter frequencies. It uses a bipolar injection
into the drift zone in a structure like HBT to generate RF powers. Detailed simulations in
submillimeter and deep millimeter wave frequencies show good negative resistance and

decent efficiency comparable to RTD but without the problem of spurious oscillation.

The transit time effects of the bipolar junction transistor (BJT) have been known
in the early development of BJTs [8]. The effect has recently been analyzed in much more
detail for applications using modern HBTs [9]. Even though negative resistance is
expected, its has not been clearly demonstrated in experiment. One severe difficulty of
applying the transit time effects in transistors at high frequencies is the detrimental RF
signal loss which must come in through the base terminal. The other thing hindering the

effective use of the transit time effects in transistors so far is the limited optimization of




the effects, i.e., only collector transit time is optimized [8,9]. We approach the problem
from the point of view of a two terminal device and show for the first time: (1) the
complete circumvention of the RF signal loss through the base by letting the base
terminal RF open; (2) the importance of optimizing the base transit time to drastically

enhance performance.

The basic structure of the proposed BIPOLITT is illustrated in Fig. 1(a).
Electrons are injected from the emitter-base junction into the base. The neutral base
region will provide a phase delay by the diffusion process. The delayed electrons are then
injected into the collector depletion region which acts as the drift zone for producing the
transit time negative resistance. The HBT technology allows the base doping to become
higher than 10" cm™[10] with a conductivity therefore larger than 10°Q™'cm™[7]. With
this high conductivity, the dielectric relaxation time [7] is less than 10 femtosecond and
the displacement current is less than 10% of the conduction current up to 1 THz. This
means the charge neutrality implicitly assumed in the ambipolar diffusion equation [7,11]

in the base is valid up to 1 THz.

In order to fully utilize the transit time, the injected current needs to have a phase
delay (relative to the total current) close to180° but still with a significant magnitude
[6,7]. Is this feasible by the diffusion process in base? A quick way to the answer can be
obtained by investigating the complete AC base transport factor aT* ,which is the ratio of
electron diffusion current at the end of the neutral base region to that at the beginning. It

is well known that [11]




a, =sec h[;V” 1+ jor,)"?]=sech(j2.430 /w,)"* =sech(T), (1)

nb

where W,is the thickness of the neutral base, L, = m is the dc diffusion length,
wis the angular frequency, @, =2.43D,, / W, is the base-cutoff angular frequency, 7, is
the base minority carrier life time, and we define I'=,/j243w/w, . Since we are
interested in the deep millimeter and submillimeter wave frequencies, @7,, >>1 and the
term 1 in Eq.(1) can be neglected. At the base-cutoff @,, it is known that the magnitude
of the aT* is reduced to about 71% with a corresponding phase delay of 58°[11]. To
obtain a phase delay of 180° for aT*, it simply requires I = 7+ jx . The requirement

demands @ = 8.6w, and laT*|= 0.09 . Then the collector injection current have a phase

delay of 180° and a magnitude of 9 % relative to the conduction current at the emitter
base junction. The base thickness should be designed to have a base cutoff frequency of
12% of the operating frequency. Therefore, it is possible to achieve a good injection
phase delay to generate RF power with an efficiency of order of 10 % , which is very

good at deep millimeter and submillimeter wave frequencies.

The accurate account of injection current phase delay should refer to the total

current of the device. The ratio y of the injection current with respect to the total current

can be shown as

(1/r)I"csch(I’)
(1/r)I coth(I") + jawC,,

y= 5 @




where the emitter junction dc resistance 7, = k7' /gl , with I, as the dc emitter current.
The C,, is the emitter junction depletion capacitance. The emitter efficiency is counted as

one in Eq.(2) since a heterojunction at the emitter junction is used.

The numerator in Eq.(2) is the trans-admittance of the conduction current at the
beginning of the collector drift region. We call it a trans-admittance because the voltage is
referenced to the emitter-base junction. The denominator in Eq.(2) is the total admittance
of the emitter-base junction. The equivalent circuit for the emitter junction can be
constructed accordingly. Note that Eq.(2) is reduced to Eq.(1) if the displacement
admittance jwC,, is negligible when compared with the admittance (1/7,)I coth(I") of

the emitter junction conduction current. This is usually the case. Therefore, the earlier

discussion of the @ dependence of aT* provides a general and simple trend for y as well.

The equivalent circuit elements for the emitter-base junction have therefore three
parallel elements: depletion capacitance, AC junction conductance and AC diffusion
capacitance. The exact equivalent circuit in the base region is very complicated due to the
ambipolar diffusion process. However, since the base doping is sufficiently high, it is a
very good approximation to represent it by the base resistance parallel with the trans-
admittance.

The equivalent circuit element for the collector depletion region is the well known

transit time impedance Z,of the drift region. It is determined [6,7] by the injection ratio
7 and transit angle 8, = oW, /v,,

—pJba
z,=——n-20-¢7)
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where C, =¢,/W,is the specific capacitance of the drift region, with#,andv,the
corresponding length and the saturation velocity therein. Both diffusion and velocity
overshoot are neglected in Eq.(3). We have carried out more detailed simulations
including both effects. Since Eq.(3) is obtained by an integration of the carriers in the
drift region [6,7], we find the neglect of the diffusion is not serious for negative
resistance. But we find as expected the diffusion effects are important for the accurate
calculation of efficiency. The velocity overshoot effects is found to be negligible as long
as the electric field in the drift region is sufficiently high.

The resultant small signal equivalent circuit including both the injector and the
drift zone of the BIPOLITT is shown in Fig.1(b). We have accordingly designed a
BIPOLITT for 300 to 400 GHz operation and have carried out extensive small-signal and
large signal simulations. The details will be published elsewhere. In the following, we
summarize our design and simulation results. The thickness of the base region ( GaAs

doped to 10" cm™) is designed to be 0.155um , corresponding to a base-cutoff frequency
of 65 GHz. The injection phase delay is about 170°at 400GHz and about150°at 300
GHz. They are slightly larger than 180°to take advantage of a larger magnitude for y .
The thickness of the collector region (doped to 10" cm™) is 0.14um corresponding to a

transit angle of about 180°at 400 GHz. The calculated specific resistance of the device
shows a very broad negative resistance from 250 to 450 GHz. Compared to RTD, this

negative resistance band is sufficient to circumvent the spurious oscillation problem. At
300 GHz with a bias current of 10°4/cm?, the specific resistance of the collector is

~5x1077Q-cm?. The specific resistance of the base is 13x107Q-cm”. The specific




contact resistance can now be made smaller than 107 Q-cm?[10]. With an emitter

(AlGaAs) doped to 10'° cm™ with a thickness of 0.05zm , the total specific resistance of

the device is —3x 1077 Q- cm” at 300 GHz , comparable to that of RTD [13].

From the large signal simulation, we find the efficiency is at least 12% at 300
GHz. This efficiency is also comparable to that of RTD and much better than IMPATT.
The corresponding efficiency of the HBT structure designed in [9] is found to be 3%.
(This low efficiency is due to a phase delay too small in the base, less than 40°.) Our
device can be biased by a current source through the emitter. When matched to a load of 3
Q, an emitter area of about 10 zm” can be used. A resistor of about 10 kQ across the
base collector terminal will provide a DC bias voltage of 3 volt if the common emitter

current gain S is about 40. This bias resistor is effectively an open circuit for the AC

signal. Therefore, the foregoing two terminal analysis is valid and accurate. The
maximum total output power of a single device is about 2mW at 300 GHz, limited by the
breakdown voltage and the carrier space charge effects in the collector. Further
calculations show that BIPOLITT can work up to 1 THz with an efficiency of about 5%.
We have not optimized the performance by choosing other material systems and have not
explored the effects of a drift field in the base region. The BIPOLITT can also be

integrated in series without the dc instability problem of RTD [14].

This work was supported by the UCLA JSEP program.
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CAPTIONS

Fig. 1. (a) A schematic device structure for BIPOLITT diode. (b) The corresponding
small signal equivalent circuit for the BIPOLITT diode. Note that AC junction resistance

and AC diffusion capacitance are used.

Fig. 2. The calculated specific AC negative resistance of a BIPOLITT diode designed
for 300 ~ 400 GHz at three bias current densities . The key parameters of the device

structure are also shown.
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Small Signal Analysis of Bipolar Injection
Transit Time Diode (BIPOLITT)

L. Chen and D. S. Pan

Abstract—We have proposed and analyzed a new millimeter
and submillimeter wave transit time device named BIPOLITT
(Bipolar Injection and Transit Time). The device structure is
similar to a Heterojunction Bipolar Transistor (HBT) with a
floating base. The relatively longer base is utilized to achieve
an injection-phase delay close to 180°. The collector depletion
region is used as drift region. As an example, a BIPOLITT
diode for 300-400 GHz operation is designed, and its small
signal specific negative resistance is calculated to be about
-3x107Q-cm?

Index Terms—BIPOLITT, HBT, Transit Time

I. INTRODUCTION

The negative resistance arising from transit time in the
semiconductor diodes was first considered by Shockely
[1,2] in 1954. It was shown that when a conduction current
pulse is injected into a drift region with a phase delay with
respect to the total current, we would have a negative
resistance at certain transit angles. Due to the rapid
development of FETs and HBTs, the tarnsit time devices
such as IMPATT [2,3] are now used in deep millimeter
wave frequencies. In submillimeter wave frequencies, there
is currently no good solid state source except perhaps the
Resonant Tunneling Diode (RTD) [3]. The performance of
IMPATT is not satisfactory in deep millimeter wave
frequencies and above (with efficiencies lower than a few
percent [3]). This low efficiency is primarily caused by the
saturation of the ionization coefficients when the electric
field is very high [2,3]. As a result, the impact ionization
injection cannot be well localized and renders the IMPATT
as a low efficiency Misawa diode [2,3].

In this paper, we investigated the possibility to employ a
HBT structure with a relatively longer floating base to
realize the current injection. The desired phase delay is
introduced when the electrons move across the so-called
base (injection region) in our designed diode, which is
similar to the delay introduced when electrons flow through
the base in the Bipolar transistor. That is the reason why we
call our diode as the Bipolar Injection Transit Time diode
(BIPOLITT). Since the injection mechanism is well
localized at the beginning of the drift region, the
performance of the BIPOLITT diode can be made much
better than IMPATT at deep millimeter wave frequencies

The authors are with the Department of Electrical Engineering, University
of California, Los Angeles, CA 90024. This work is supported by the
UCVLA JSEP program

and above. Meanwhile, with the mature technology for
HBTs, it would be easy to fabricate the BIPOLITT diodes.

Actually, the transit time effects have been long known
for the Bipolar transistors. In 1966, J. F. Gibbons [4]
pointed out that there may exist a transit time mode
oscillation in BJTs because of the excess phase delay due to
the transit time effect. In 1988, Sheila Prasad etc. [5,6] have
analyzed the High-Frequency characteristics of HBTs and
pointed out that the transit-time effect plays a significant
role at high frequencies. Their numerical calculation shows
that Re(h,,) assumes negative values in some portions of
the frequency, and the unilateral gain would peak when
Re(h,,) = 0. However, those results are not observed in
the commercially designed BJTs or HBTs. Based on our
analysis, we found out that the main reason is because in
those BJTs or HBTs, the transit time effect was not
optimized and not sufficient to overcome the parasitic to
obtain an overall negative resistance. The detail will be
discussed later.

Heterojunction
Wide bandgap Narrow bandgap

—A —~

Depleted

Emitter Base ( floating ) Collector
I-— Injection region Drift regionol

Fig. 1 A schematic device structure for the BIPOLITT
diode

II. DEVICE STRUCTURE

The basic structure of the proposed BIPOLITT diode is
illustrated in Fig. 1. Basically, it looks like a HBT with the
base floating. Compared to the regular HBTs, the
BIPOLITT has a relatively longer so-called base and a
shorter collector. Similar to all transit time devices [2], a
BIPOLITT diode consists of an injection region and an
adjacent drift region. Electrons are injected from the
emitter-base  junction into the base region. The
AlGaAs/GaAs Heterostructure here is utilized to improve




the current injection efficiency by reducing the hole current
significantly due to the presence of the valence band
discontinuity. The neutral base region will provide a phase
delay by the diffusion process. The delayed electrons are
then injected into the collector depletion region which acts
as the drift zone for producing the transit time negative
resistance. The HBT technology allows the base doping to

become higher than 0'° cm™ [7] with conductivity
therefore larger than 00Q™ -cm™. With this high
conductivity, the dielectric relaxation time [3] is less than
10 fs, and the displacement current is less than 10% of the
conduction current up to 1 THz. This means the charge
neutrality implicitly assumed in the ambipolar diffusion
equation [3] in the base is valid up to 1 THz.

. SMALL SIGNAL ANALYSIS

It is well known that the ac impedance of the drift region
is given as [2,3]

1 7Ce™ h\

d—ja’cd Jj,

1)

where C4= £5/Wg is the capacitance per unit area of the drift
region, and the transit angle 8 equals ®W4 /v, with Wy the
drift region length and v, the carrier saturation velocity in
the drift region.

Both the diffusion and velocity overshoot effects are
neglected in Eq. (1). Since Eq. (1) is obtained by an
integration of the carriers in the drift region [2,3], the
neglect of the diffusion will not be too serious. The
inclusion of the velocity overshoot is expected to improve
the negative conductance.

The term vy is defined as the ratio of the injection current
at the beginning of the drift region to the total ac current
and can be written as 7 =|y|-e™? , where ¢ is the so called
injection phase delay. For non-zero ¢, the real part of Z4
will show negative resistance and reach the optimum value
when the sum of ¢ and 6, is equal to 2.

The calculation of y depends on the current injection
mechanism. As mentioned above, we employ the HBT
structure to realize the current injection in the BIPOLITT
diode. Assuming a uniform doping and by solving the
diffusion equation of electrons in the injection region
(neutral base region) at high frequency [8], we can obtain

(1/r,)I csch(I')
1/r )T coth(T') + jaC,,

2

N

/4

where the emitter junction dc resistance 7, = kT/ql, , with
I as the dc emitter current. The C,, is the emitter junction
capacitance and o is the angular frequency. The emitter

efficiency is counted as 1 in Eq. (2) since a heterojunction
at the emitter junction is used and the hole current is highly
compressed. The term I is defined as

= iW—”(l +jor,)"? =(j2430/w,)" 3)

nb

where W, is the thickness of the neutral base,
L, = ‘V/Dnbrnb is the dc diffusion length; 1, is the base

electron life time, and w, =2.43D, / W: is the base-
cutoff angular frequency. Since we are interested in the
deep millimeter and submillimeter wave frequencies,
®T,>1 and the term 1 in Eq. (3) can therefore be neglected.
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Fig. 2 Frequency variation of 3*

Note that if the displacement admittance jwC,, is

negligible when compared with the admittance
(1/7,)I coth(I"), Eq. (2) is reduced to the base transport

factor B = sech(j2.43 a)/ w ,’)1/2 at high frequencies. B’
is the ratio of the electron diffusion current at the end to that
at the beginning of the neutral base region, and the
frequency response characteristic of B is shown in Fig, 2.
As we can see, at the base-cutoff frequency @,, the

magnitude of the P* is reduced to about 71% with a

corresponding phase delay of 58°. However, this phase
delay is not sufficient for a good transit time device. More

phase delay is required. To obtaina 80° phase delay of B’
it demands @ =8.6w, and makes | B’|=0.09. This

means that the collector injection current can have a phase
delay of 80° with a magnitude of 9% with reference to the
current at the emitter base junction, when the base thickness
has a base cutoff frequency of 12% of the operating
frequency.

The numerator in Eq.(2) is the trans-admittance of the
conduction current at the end of the neutral base region. We




call it a trans-admittance because the voltage is referenced
to the emitter-base junction. The denominator in Eq.(2) is
the total admittance of the emitter-base junction. The
equivalent circuit for the emitter junction can be
constructed accordingly. The effect of Ac diffusion
capacitance is included in (1/7,)I" coth(I") since the Ac

diffusion length is used in I" [8]. It turns out that the C,, is

usually small when compared with the Ac diffusion
capacitance when the DC biased current is high enough,
and only makes the phase delay slightly larger and the
magnitude of yslightly smaller. Therefore, the earlier

discussion of the @ dependence of ,B’ provides a general
and simple trend for y as well. When the injection phase

delay is about 80°, we expect an injection efficiency y of
about 10%, which is sufficient for a transit time device.

The equivalent circuit elements for the emitter-base
junction compose three parallel elements: depletion
capacitance C,,, Ac junction resistance 7, and Ac diffusion

capacitance €,. The exact equivalent circuit in the base

region is very complicated due to the ambipolar diffusion
process. However, since the base doping is sufficiently
high, it is a very good approximation trepresent it by the
base resistance 7, parallel with a voltage-controlled current

source QU,,, where U, is the Ac voltage across the

emitter-base junction, and @ is the trans-admittance as
shown in the numerator in Eq. (2).
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Fig. 3 The small signal equivalent circuit for BIPOLITT

The resultant small signal equivalent circuit including
both injector and the drift zone of the BIPOLITT is shown
in Fig.3. Z, is the impedance of the drift region, and Z is
the impedance for the Ohmic contact of the collector. Z, is
the sum of the Ohmic contact impedance of the emitter and
the extrinsic emitter series resistance. It should be pointed
out that even though the physics of #,, and ¢, is clear, we
do not give the simplified formula for them, like in the

regular analysis in BJTs or HBTs [4-6,8]. In fact, both 7;,
and ¢, are dependent of frequencies. However, since both
and ¢, are much smaller than the drift region

rbe

impedance Z,, the replacement of #,, and ¢, by their BJT

first order simplified formulae will not cause serious errors
in the calculation of the total device impedance.

IV. NUMERICAL RESULTS

According to the device operating principle and the
equivalent circuit, we have designed a BIPOLITT for 300
to 400 GHz operation. The parameters for the device is
shown in Fig. 4. The thickness of the base region is
designed to be 0.155um , corresponding to a base-cutoff
frequency of about 65 GHz. The injection phase delay is
about 70° at 400GHz and about 50° at 300 GHz. They
are slightly larger than 80° to take advantage of a larger
magnitude for y . The thickness of the collector region is
0.14 zm corresponding to a transit angle of about 80 at

400 GHz. Without including the ohmic contact resistance,
the calculated specific resistances of the device are depicted
from 200 to 800 GHz for the bias current density of

0° A/cm? as shown in Fig. 2. The solid line represents
the total Ac resistance of the device, while the dotted line
represents the resistance of the drift region only. In the
designed frequency range, they are approximately
-3x107Q-cm? and -5 x 107 Q- cm?, respectively.
These values are good and are comparable to that of the
RTD [9].

BIPOLITT Diode :
8e-7} Emitter(AIGaAs): doping 10'%/cm®; length 0.05 um
o Base (GaAs, floating): doping 10'%/cm®; length 0.155 umj
g 6e-7 | Collector (GaAs ): doping 10"/cm® length 0.14 um 1

G 4e7f\  (designed for 300~ 400 GHz)

Frequency (GHz)

Fig. 4 The calculated specific Ac negative resistance
of a BIPOLITT diode

Note that the specific resistance of the base of
0.155um thickness with doping 0cm™ is about
3x107Q-cm?, which decreases the total negative
resistance by the same value. It is therefore desirable to
dope the base more heavily than Olgcm'3, for example

5x10”cm™, which is possible in today’s technology, to
decrease the base resistance to be lower than

4x107%Q-cm?.




At the same time, we must point out that the DC biased
current I plays a critical role in the BIPOLITT
performance. [ affects the term y through 7, by changing
the weight of the displacement current in the total Ac
current. When I; is high enough, 7, = kT/ql, becomes
very small so that the depletion capacitance ¢,, can be
ignored when compared to the Ac diffusion capacitance ¢,
since ¢, is proportional to /r,at the first order

approximation. Since the Z, is about —5 x 107Q-cm?
and the total negative resistance is decreased by the emitter-
base junction resistance #,, which is equal to 7, at the first
order approximation, therefore in order to have a relative
large total specific negative resistance, I, should be larger

than 6 x10* A/cm?, which gives
r,=44x107Q-cm® Taking the parasitic Ohmic
contact resistance into consideration, it is desired to have
I, larger than 8x10°A/cm?, which gives
r,=3x107Q-cm®. Meanwhile, a 0° 4/cm® Dc
biased current will give 7, = 2.6 X 10°Q-cm® and we

can safely ignore the #,, compared with Z,. However,
when the Dc current is high, the high current effects
happened in Bipolar transistor will occur, which means that
a good DC biased current density range in our sample
designis from 0° A/cm’to 0° 4/cm?.

Since the total specific resistance is at about
—3x107Q-cm? order, the contact resistance is a big
issue in order for the BIPOLITT diode has a good
performance. Note that the DC Ohmic contact on GaAS
with value less than 3 x107Q-cm? is possible to be
made in today’s technology [10-12]. In the meantime, since
our BIPOLITT diode is designed at high frequencies, the
shunt capacitance becomes important and decreases the
total resistance of the ohmic contact. In our design example,

the capacitance is about 30 x 10”7 F/cm?, and at 300

GHz the impedance is about .8x1077Q-cm?.
Therefore, the total resistance of the Ohmic contact at 300
GHz will be about 0.8 x 1077 Q - cm?, which allows our
BIPOLITT diode to perform with sufficiently specific
negative resistance for many applications. Due to the

frequency dependence of ¥ (similar to that of ﬂ* ), the

BIPOLITT is a wide band transit time device as we can see
from Fig, 4.

V. THE BIASING SCHEMES

In this section, we would like to discuss two possible
biasing circuits for our BIPOLITT diode as shown in Fig. 5.
It is easier to explain by employing the BJT symbol.
Basically, both can be view as a Dc current biased BJT
operating at base Ac floating mode, the Ac signal drops
across the emitter and collector.

vce

BIPOLITT

RFC

(a)

VCC

BIPOLITT

(®

Fig. 5 The biasing circuits for BIPOLITT diode. (a): The
voltage across the drift region is adjusted by a variable
resistor to control the efficiency and power of the diode;
(b): Without the variable resistor, the voltage across the
drift region is self-sustained.

In Fig.5(a), the BIPOLITT diode is shown as a BJT. An
ideal current source Ig is used to bias the BIPOLITT diode
at DC condition. A RF choke (RFC) is used to allow the
DC bias, while preventing the current source from
degrading the Ac signal.

A variable resistor is used to allow voltage dropping
across the collector-base junction to be changeable,
therefore, we can adjust the efficiency of the BIPOLITT
diode.

Taking our designed BIPOLITT diode as an example. The

specific negative resistance is about =3 x 107 Q- cm?. In
order to match a 3 load, the area for our BIPOLIT diode

isabout x107'cm?’. Biased at 0° 4/cm?, the current

source. will be OmA. Meanwhile, according the
parameters shown in Fig. 4, the DC common-emitter




current gain f can be made to be about 100 ~ 400.
Therefore, the current flowing through the variable
resistance R is 0.1 ~0.025m4. If we required the DC

voltage across the collector-base junction as 3volts to
have a good efficiency, the R should be adjusted to be
30 ~120kQ. At the same time, the specific negative
resistance of the drift region (the collector-base junction) is
about =5 x 107 Q-cm?/1x 1077 cm® = 5Q, which is
negligible when compared to the much larger value R.
Therefore, the Ac signal will not go through the DC biased
R branch, but totally flow through the BIPOLITT diode,
which makes the BIPOLITT diode as a two-terminal
device.

The difference between Fig. 5(a) and (b) is that in Fig.
5(b), the variable resistor R is eliminated. Actually, the
effect of the dropout of the R is significant. First, it greatly
simplifies the fabrication of diode and circuit. Second,
without R, the multi-layer structure (series of BIPOLITT
diodes) will be possible for BIPOLITT integration to realize
a high power device. However, there exists a big problem
for our AlGaAs/GaAs structure: the break down voltage of

the device (similar to the BV, of BJTs) is as low as
about 2 votls since our drift region is at 0.2 fm order.

Biasedat 0° 4/cm’to 0° 4/cm® DC current density,
the voltage across the AlGaAs/GaAs heterojunction (the
emitter-base junction) is about 1.4 votls; therefore, there is
only about 0.6 volts voltage left for the drift region (the
base-collector junction), which is not enough for a
reasonable efficiency.

Fortunately, with today’s mature technology of HBTs, we
can figure out several ways to overcome this drawback by
modifying the basic BIPOLITT structure. For example, we
can insert a thin insulting region between the base and
collector, or employ the heterostructure for the base-
collector junction, too. Many works [refreneces???] has
shown those two techniques can improve the breakdown
voltage substantially. If somehow, we can increase the
breakdown voltage to about 4 volts, which leaves 2.6 volts
for the drift region to have a good efficiency. Of course, we
also can use other materials with higher breakdown voltage
instead of GaAs. Nevertheless, the biasing circuit shown in
Fig. 5(b) worthies attentions.

VI. DISCUSSION AND CONCLUSION

Our BIPOLITT diode has a comparable performance to
the RTDs at millimeter and submillimeter wave frequency
range. Meanwhile, because BIPOLITT does not have
negative resistance at lower frequency, it will not have the
problem of spurious oscillation and bias circuit design
problem [13,14] as found in RTD. It can also be integrated
in series without the dc instability problem of RTD [15]. It
therefore has the potential to be a higher power device than
RTDs, and be as one of the best solid state sources in the
submillimeter and deep millimeter wave frequency range. A
large signal analysis shows the efficiency of the BIPOLITT

is about 10% [16], which is comparable to that of the RTD
of about 10% in this frequency range.

As mentioned earlier, the major difference between our
BIPOLITT diode and the commercially designed BJTs or
HBTs [4-6] is that our BIPOLITT diode has a relatively

longer base, which introduces a phase delay close to 80°.
In fact, the shorter base in the commercially designed BJTS
or HBTs is one of the major reasons why the expected
negative resistance phenomena are not observed in them.
First of all, due to the shorter bases, the commercial BITS

or HBTSs generally have base phase delays < 45°, which is
not enough for a good transit time delay. Our simulation

[16] found out that at about 30° and 90° base phase
delays, the efficiency of a HBT as a negative resistance
device are about 1% and 5%, respectively, while reaches

about 10% at 80° base phase delay. Second, in order to

have the optimum 360° total phase delay, the shorter the
base, the longer the collector (the drift) region is. When the
collector becomes longer, the diffusion effect will degrade
the performance more seriously, which accounts for one of
the reasons why our BIPOLITT diode with a shorter drift
region is better for the negative resistance device. In the
meantime, in the commercial BJTs or HBTs designed to
operate at microwave frequency, the negative resistance in
the drift region is uwsually cancelled out by the parasite
emitter, base and contact resistance. Qur BIPOLITT diode
is designed for millimeter and submillimeter wave
frequency range, where the parasite resistance are greatly
decreased by the no longer negligible shunt capacitance;
therefore, the BIPOLITT diode has the potential to be a
negative resistance device at millimeter and submillimeter
wave frequencies if carefully designed.

In conclusion, we explores the potential of making a good
transit time device based on the HBT structure. The
proposed BIPOLITT has the great potential to become the
solid state source at deep millimeter and submillimeter
wave frequencies. It can find applications in millimeter-
wave oscillators, amplifiers, and mixers.

This work was supported by the UCLA JSEP program.
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A Post-Shrink MOSFET Design Utilizing
Schottky Tunneling Mechanism

J.Y. Liao and D.S. Pan

Abstract—We investigate a very small transistor design
utilizing Schottky tunneling mechanism. The structure with a
metal/semiconductor Schottky junction replacing the source of
a conventional MOSFET is extensively analyzed and
simulated. A number of simple analytical formulae to
implement the design are derived. Very good transistor
characteristics are obtained

Index Terms—MOSFET, tunneling

I. INTRODUCTION

As the device development advances toward sub-100nm

regime, there exist a number of significant technical
barriers to the extension of current technology. Material
properties and fundamental operating principles of
MOSFETs will soon become the limiting factors of device
scaling [1]. Furthermore, non-scaling parameters such as
threshold voltage (¥, ) and subthreshold current (/.. ) are

still challenging the sub-100nm technology. Moreover,
fabrication technology, in an effort to keep up with the
extraordinary advancement of integrated circuits (IC), is
facing serious problems such as random processing defects
and interconnection. To overcome these difficulties,
research efforts have been directed toward the investigation
and development of alternative, non-conventional
MOSFET structures [2]. These devices should offer not
only high transconductance but also relatively simple
fabrication procedures to minimize parasitic effects.
Structures such as Schottky barrier source and drain
MOSFETs have been proposed [3-5].

The voltage loss at the Schottky barrier between the
source and the channel has been a major concern in the
development of Schottky source/drain devices for low
voltage applications. As device engineers are confronted
with complications associated with ultra-small transistors,
experiments have demonstrated a favorable possibility of
velocity overshoot in very short devices under low voltage
operation [6]. For devices with gate length below 0.1um,
electron speed at the source edge has become the most
important performance factor [6,7]. Electrons penetrating
the Schottky barrier possess significantly higher speed than
the velocity saturation value, since they are oriented
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directly into the channel. Also, contact resistance is
eliminated because electrons enter the channel directly
from the metal. Thirdly, because tunneling phenomenon is
a majority carrier effect, issues such as inversion layer
broadening can be neglected, and the turn-off behavior of
transistors is characterized by thermionic tunneling.
Moreover, no gate voltage is needed to change the surface
potential and to offset the depletion-layer charge; space
charge is induced by the corner electric field at the source-
channel interface, and independent of channel doping. The
combination of the above-mentioned offers a beneficial
tradeoff for the voltage drop loss at the source edge.

Approaches in utilizing tunneling barrier in MOSFET
operation have been reported [4,8]. In these MOSFETs
where tunneling injectors are employed, the source is
typically a reverse-biased Schottky barrier. The Schottky
barrier depletion width at the reverse-biased condition is
dependent on the gate bias; this dependence results in the
three-terminal transistor effect: the drain current being
controlled by the gate bias. In other words, when a positive
gate voltage is applied, the tunneling barrier at the source-
channel interface becomes narrower, resulting in the
enhancement of tunneling mechanism.

In research work where a Schottky-semiconductor
interface has been employed to both the drain and source of
the MOSFET, the reported drain current is low (in the order
of pA/um), and the transistor does not leave triode mode
[5]. Furthermore, subthreshold behavior of these devices
is not characterized. Although Schottky barrier transistors
do offer a fabrication advantage over conventional
MOSPFETs, researchers have to address the enhancement of
transconductance and transistor characteristics, as these are
the major concerns for the development of tunneling
transistors for IC applications.

II. DEVICE STRUCTURE

The structure proposed in this research work is similar
to a MOSFET, with metallic termination at the source. The
significant features are the physical dimensions: the gate
length varies from 300A to 500A in order to enhance
Schottky tunneling mechanism, and the thickness of the
active layer is generally )4 (100A in the structure proposed
in Fig. 1) of the gate length for large current handling
capability. This structure consists of an n-doped
semiconductor as the active layer, an insulated gate, and
intrinsic substrate which is necessary to provide electrical




isolation between neighboring electrodes. To characterize
tunneling mechanism in modeling and simulation, silicon-
germanium parameters are employed. For better device
isolation and reduction in substrate leakage and parasitic
capacitances [2], a backside oxide is sandwiched between
the active thin film and the substrate, similar to a Silicon-
on-Insulator (SOI) MOSFET.
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Figure 1. Schematic structure of a Schottky source
MOSFET. ¢, (=50A) is the gate oxide thickness,

t (=100A) the active layer thickness, and L (=300A)
the gate length.

III. SIMULATION METHOD

ATLAS 2-D device simulator program by Silvaco is
utilized in the simulation of proposed device structures.
The simulator does not provide a model for Schottky
tunneling but for interband tunneling. However, because of
the fact that both tunneling mechanisms are characterized
as functions of local electric fields [9], the interband
tunneling method can be modified to accommodate the
modeling of Schottky tunneling mechanism.

Two-dimensional numerical simulation is performed
on a Schottky barrier MOSFET with metallic material
replacing both the conventional source and drain. Because
electrons generated at the source edge have to overcome the
Schottky barrier at the drain edge, the device suffers a
delayed turn-on. A voltage applied to lower the drain
barrier is required before large amount of electrons can be
collected by drain. The transistor enters saturation mode at
a higher drain voltage, and the delay in turn-on is
unfavorable toward low voltage operation. In order to
achieve a better transistor characteristic where the device is
saturated at a low drain bias, the transistor with the drain
remaining a perfect Ohmic contact is extensively simulated.

IV. ANALYSIS OF TUNNELING CURRENT

Generally, the Schottky tunneling current density
discussed in previous research work [4] is expressed in an
integral form, and the dependence of current on transverse
momentum was not considered in the derivation. We
attempt to include the measure of significant range of
transverse momentum in our discussion, and provide a
simple analytical expression for the Schottky tunneling. In
this section we will discuss the derivation of tunneling

currents, current dependence on electric fields,
approximation of electric fields, and subthreshold behavior.

Derivation of Tunneling Currents

To better understand and analyze the tunneling
currents, we categorize the total current into four
components according to the energy range within which
tunneling occurs: 1.) Schottky tunneling current for
tunneling between the metal Fermi level and the edge of
semiconductor valance band; 2.) Band-to-band tunneling
current for tunneling from the valance band edge to
infinity; 3.) Thermionic tunneling current for tunneling
between metal Fermi level to the edge of the conduction
band; and 4.) Over-barrier thermionic tunneling current for
tunneling from the conduction band edge to infinity. For
significant interband tunneling to occur, a large drain
voltage must be applied to reverse bias the junction so that
the conduction band is lowered below Fermi level
Moreover, electrons must travel a distance to reach valance
band edge before starting to tunnel, and the electric field at
the location for interband tunneling to occur should also be
sufficiently high. Because of these constraints, interband
tunneling is not discussed in detail in this paper.

Consider a metal-semiconductor interface as illustrated
in Fig. 2. Electrons with energy above metal Fermi level
are trying to tunnel through the barrier width and enter the
conduction band. When a small bias is applied to the drain,
the barrier at the drain side is lowered, and electrons are
collected. When the drain bias reaches approximately the
difference between the metal Fermi level and the
semiconductor valance band edge, the integration of the
number of electrons constitutes the total Schottky tunneling
current. Additional depletion width narrowing beyond this
drain voltage becomes negligible, and further increase in
drain bias does not result in significant current increase.
Therefore, the device enters saturation mode beyond this
point.
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Figure 2. Schematic diagram of Schottky barrier and
the definitions used in the current derivation.




From the derivation of electrons tunneling through a
triangular barrier, and the theory of tunneling with
momentum being conserved [2,9], the incident current
density is expressed as
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The integration to determine Schottky current density
is taken over the energy range from the metal Fermi level
(E,is defined 0 at this level) to the edge of the

semiconductor valance band (E, —qg,,). A close form of

the current expression can be closely estimated by Taylor
expansion. Numerical analysis shows that the simplified
expression is only slightly deviated from the original
equation, and it provides a good approximation for
Schottky tunneling current. For large bandgap material
(e.g. Si) where tunneling is difficult, a large electric field is
required to achieve a large current density for useful
applications (Table.1).

For Si- or SiGe-Al interfaces, Schottky barrier height is

roughly % of the semiconductor bandgap. We can further
simplify the expression of J,q, as

This is a simple formula to implement the transistor design
utilizing Schottky tunneling mechanism at the source-
channel edge.

Max &, Si SiGe
(M%n) Max J (%mz) Max J (%mz)
2 500 1.22e6
3 2.7¢4 4.66¢6
4 2.3e5 9.86¢€6

Table 1. Schottky tunneling current density for Si-
and SiGe-Al parameters under maximum electric
field.

Current Dependence on Electric Fields

From simulations, the magnitude of the parallel electric
field is varying with position, and can be approximated
with a simple exponentially decaying function with a decay
parameter of ¢, : '

-x
s(x)=4, exp(t_]
In order words, when the distance of tunneling reaches
beyond oxide thickness, the electric field becomes too
small, and tunneling current generated under this electric
field is negligible. Changing the integration variable at

E . .
x =%, we can re-write the current density as

J N KQSCHEg 502 ex (_ PSCH)
1SCH 6 PSCH p 50
(Eg—q8)
- Py
Jscu g eXp| b(f
0%ox

Comparison of Schottky tunneling currents with and
without electric fields being dependent on position is
illustrated in Fig. 3.
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Figure 3. Calculated maximum Schottky tunneling

4 = S0A.

Dependence of electric field on position is included in
dashed line.

currents with SiGe parameters. V, = 0.5V . ¢

Thermionic Currents
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Electrons with all energy levels are also tunneling
through Schottky barrier. These electrons contribute to the
thermionic current. The thermionic current consists of two
components: thermionic tunneling current integrated from
the metal Fermi level to the edge of the Schottky barrier
height, and over-barrier thermionic current integrated from
the edge of the Schottky barrier height to infinity. Over-
barrier thermionic current density, J,p, ez, IS given by [2]

. 99,
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where A'is the effective Richardson constant for
thermionic emission.  For device operated at room
temperature, Jgy,mee iS negligible.

The thermionic tunneling current component is
proportional to the quantum transmission coefficient
multiplied by the occupation probability in the
semiconductor and the unoccupied probability in the metal.
The tunneling probability, however, is significantly smaller
for electrons with energy below Fermi-level, although they
are to tunnel through a narrower barrier. This small




amount of current is also dependent on the electric field.
The current density expression for the thermionic
component is derived with a similar approach to that of
Schottky tunneling current, with modification of the
integration boundaries and tunneling constants.
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and F(E,) is the occupancy factor given by:
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F(E,)=
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The integration is taken (with E, positive upwardly)
from Fermi level (defined 0) to the edge of the conduction
band. I is dominant under small gate bias, and
contributes to the total current at high gate voltages.
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Figure 4. Total current (I 57 = Ligen + Lper ) vETsus

electric field with SiGe-Al parameters. fg; is 100A in
Istt100, and 50A in Istt50.

Threshold Voltage

For conventional MOSFETs, the threshold voltage,
V.., is defined as the gate bias when diffusion current is
equal to the conduction current. In Schottky source/drain
MOSFETs, these are the thermionic current and the
Schottky tunneling current, respectively. The ON current,
I,y , can be considered as the current flowing when
Schottky tunneling current is equal to thermionic current,
or when current is increased a decade higher than the
thermionic current under no gate bias. With numerical
approximation, a close form of J,,z, is expressed as

g9, 3P,
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Consider the first definition. While I, is integrated
up to the distance roughly equal to ¢, (obtained from
simulation and two-dimensional analysis), [z s

integrated along the entire active layer thickness. Solving
for &, when I =g, We arrive at the following

expression:
42, exp| - Pycu ~ 16t expl - 99,
P, SCH 45{) ox 4kT

Numerical solution with geometry parameters yields
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If we consider [,y as an order of magnitude higher
than 1, at V,, =0V, equating the two currents yields
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The solution with proper geometric parameters gives
similar results as in first case. This is the threshold electric
field, and the corresponding threshold voltage is given by
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Figure 5. Calculated currents versus electric field.
t, =50A.

Electric Fields

To understand the electric field distribution is the most
important step in analyzing Schottky tunneling mechanism,
since it is characterized as a function of local electric field.
The electric field (&,) at the corner of the source-channel
interface below gate oxide strongly affects the current
density. For simplicity, the electric field is expressed as:

Ve =V

2
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A correction factor, x, necessary to modify the field
expression, is dependent on the geometries of ¢, and ¢;.
Parallel electric field distribution against distance along the
channel under different gate biases is plotted in Fig. 6(a).
For all figures plotted against the distance along the
channel, the device dimensions are described in Fig. 1
unless otherwise noted. Cross-section is obtained 1A into
the active thin film from the Si/SiO, interface.
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Figure 6. Simulated parallel electric fields along channel.
The varying voltage increases evenly with 0.5V per step.

The electric field is not only modulated by V,, but
affected by ¥, as well. Figure 6(b) illustrates the drain
influence on the parallel electric fields at ¥, =2V. The

phenomenon is possibly resulting from the two-
dimensional effect. To understand the dependence of
drain voltage on the maximum corner electric fields, we
employ the two-dimensional analytical model for fully
depleted SOI MOSFETs proposed by Young [16], and
modify the boundary conditions to accommodate the
Schottky barrier source. It should be noted that when
drain is biased beyond depletion, space charge effects
should also be considered and included in the calculation.
The variation of electric field due to generated carrier
space charge is more significant at smaller drain biases

(Fig. 7).

The derivative of potential distribution with respect to
the position in the tunneling direction, yields the parallel
electric field expression. For the device structure in Fig. 1
with a backside oxide of thickness (z,,) of 50A
sandwiched between the active silicon layer and the
substrate, the maximum electric field can be approximated
by

-1 ) )
&, = ﬁ—t(o.94Vg_\. +00647, )+ &,
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where &, =024 from simulations.
If ¢,, is 304,
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Figure 7. Calculated potential distribution (V) versus
distance along channel under Si/SiO7 interface from
two-dimensional model. Space charge effect is included

ing,, . Gate is unbiased.

Vo | Max &, Max &, Max &, Max &,

V) | ) | 0) | G) | 6)
(simu.) (calc.) (simu.) (calc.)
t,=50A | t,=50A | ¢,=30A | 1,=30A

0 0.74 0.78 0.8 0.84

0.5 1.32 1.32 1.49 1.50




1 1.87 1.86 2.15 2.17

1.5 2.36 241 2.68 2.83

2 2.79 2.95 3.15 3.49
Table 3. Simulated and calculated maximum corner

electric fields for different £, of an SSOD device.

V, =05V . A deviation of the calculated values from

the simulated is observed at high gate biases.

This is

because of electric fields being less dependent on V,

beyond saturation.
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Figure 8. Simulated (dots) and calculated (rhombuses)
maximum corner electric fields of an SSSD device.
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Figure 8 illustrates the simulated and calculated &,
versus V, under different ¥, . A significant difference

between the simulated and calculated &, is observed at
small 7, . Because at small ¥, , electrons penetrating the
source barrier are blocked by the Schottky barrier at drain,
the accumulation of electrons confined by the barrier well
(Fig. 11(a)) lowers the electric field at the source-channel
interface. This phenomenon is not included in the two-
dimensional derivation. ~However, the equations still

provide a close estimate of & when the device saturates.
In fact, the lowered electric field at small ¥, results in
small current flow, and therefore superior turn-off
behavior.

Intuitively, &, would be inversely proportional to ¢, ;

ie., when ¢, is reduced from 50A to 304, ¢, should

increase accordingly. However, simulation and calculation
do not agree with the ideal expectation. This is because of

the fact that in additional to ¢, , other geometric parameters
such as channel thickness (#; ) and backside oxide thickness

ox ?

(¢, ) are also affecting the magnitude of ¢£,. These terms
are expressed in a,, and grouped as the correction factor

x . The following figures show the geometric dependence

of a,. T,, a parameter which characterizes two-

dimensional effect, is the product of « fl/ *and the channel
length. The larger T/, the lesser dependence of potential
and electric fields on two-dimensional geometry.
Numerical calculation shows that with given channel length,
short channel effect is significant when ¢ or ¢, is reduced

(Fig.9).
Integration Distance

Gate oxide thickness is not only an important
parameter for approximating maximum electric field at the
corner of the source-channel interface, but also assumed as
the integration distance for current estimation along the
direction perpendicular to the Si/SiO, interface.




The tunneling current ("%,,,) is obtained by integrating

the current density along the distance perpendicular to the
Si/SiO, interface. The determination of ¢, depends

strongly on the decay of &,. As &, decays to a certain
value when tunneling under this electric field becomes less
significant, this will be the upper integration limit. There
are a few possible estimates of ¢,. It is simplicity to
assume that the electric field decays with the decay factor
equivalent to the gate oxide thickness; therefore, f,, equals

to f,. This assumption provide an acceptable

approximation of drain current for ¢,,=50A. When ¢, is
reduced, we expect much larger drain current due to the
increase in electric field. However, as ¢,, is limited by ¢,
the total current may not be much higher than that for
thicker gate oxide.

V. SIMULATION RESULTS

The analysis is compared with the simulation results
for a better understanding of Schottky tunneling
mechanism. Structures with Schottky source and Schottky
or Ohmic drain are simulated. Effects of geometric
dependence are also included. I-V  characteristics,
threshold voltage, transconductance and cutoff frequencies
are discussed in detail.

Transistor Characteristics of Schottky barrier Source and
Drain (SSSD) MOSFETs

The structure with Schottky barrier source and drain
(SSSD) was simulated. The drain current is plotted against
a sweeping drain voltage in Fig. 10, with gate bias stepping
from 0 to 2V. A delayed turn-on and the near-saturated 1-V
curves are the major characteristics observed in this
simulation. The delay in turn-on is due to the voltage loss
at the Schottky barrier between the drain and the channel,
when the high speed electrons generated by tunneling
mechanism at the source-channel interface have to
overcome the barrier before entering drain (Fig. 11(a)).
Although tunneling width narrows as V, increases,
electrons penetrating the source barrier are blocked by the
drain barrier when ¥, is small. The drain barrier has to be
lowered for a large amount of electrons to be collected by
drain (Fig. 11(b)). A slope in transistor characteristics
beyond saturation is observed in the simulation. This is
attributed to interband tunneling, when electrons begin to
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tunnel from valance band directly into conduction band at
sufficiently high drain voltage.
Figure 10. Simulated (solid lines) and calculated (dotted
lines) transistor characteristics of an SSSD MOSFET.

Ve steps evenly from 0 to 2V.

The resulting electric field (Fig. 12(b)) at V, =0 is
significantly lowered due to the confinement of electrons
between the two Schottky barriers. The current flowing is
the thermionic tunneling current under high electric fields.
It is also observed that, although the drain current exhibits
an exponential increase after turn-on, the device will not
reach saturation until sufficiently high drain voltages (1V is
necessary in this simulation.) For it is necessary to lower
the conduction band edge of the drain edge to the level of
the metal Fermi level before electrons can be collected.

Vasar is approximately equal to E% ; le., after the

conduction band edge at drain is lowered to the level as the
valance band edge at source, further increase in drain
voltage will not result in significant increase in current.

(@) V,,=0.

(b) ¥, =0.5V.

Figure 11. Simulated conduction band bendings of an
SSSD MOSFET. ¥, increases evenly from 0 to 2V
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Figure 12. Simulated parallel electric fields of an SSSD

MOSFET.
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Figure 13. Simulated conduction band bendings of an
SSOD MOSFET along channel under different bias
conditions. V,, =V, is included in (a) and (b). The
varying voltage increases evenly with 0.5V per step.

To improve saturation characteristics for low-power IC
applications, simulations were performed on a modified
structure with drain remaining a perfect Obmic contact.
The profiles of conduction band bendings along channel
are illustrated in Fig. 13(a) with drain unbiased. As gate
bias is equal to the flatband voltage, the potential barrier is
tall enough to block electrons flowing from the source to
the drain. When gate bias is more positively increased,




electrons at the Si/SiO, interface are induced, and a much
thinner tunneling barrier is formed between the source and
the channel, therefore resulting in a significantly enhanced
channel conductance. Under this condition, current starts
to flow when a small drain bias is applied (Fig. 13(b)).

A small barrier at the drain which results from the
built-in  potential between two differently doped
semiconductor regions has to be overcome before current
enters drain (Fig. 13(a)). When a moderate drain bias is
applied, current starts to flow, and increase linearly with

V,. When V, reaches beyond (%g—qﬁ_\,,,) further increase
in ¥, will not result in linear variation in current. The

device enters saturation mode at this V,. The device
enters saturation when the drain bias reaches approximately
0.5V (Fig. 15).

It is also observed that when drain is biased beyond
certain range, its effect on the depletion width narrowing
becomes insignificant (Fig. 13(d)). This is because of the
fact that the dependence of electric field is on drain voltage
is modulated by the channel length, which is much larger
than the gate oxide thickness.

The effect of different channel thicknesses is also
simulated (Fig. 14). However, the difference in drain
current cannot be attributed only to the same thermionic
tunneling current density integrated up to ¢g. For in
reducing ¢, , the interdependence of geometric parameters
change, and the potential and electric field distributions
also vary, according to the two-dimensional analytical
modeling. Numerical calculation shows that the corner
electric field and tunneling current are enhanced at ;=
50A.

0.25

o
= o
3 [N}

Id (mAfum)
o

0.05

Figure 14. Simulated transistor characteristics of a
SSOD MOSFET with germanium as the active layer.

V,, increases evenly from 0 to 2V with 0.5V per

step. The only varying parameter is Zg: 100A (dotted
lines) and 50A (solid lines).

It is also noticed that a large amount of current exists
with unbiased gate. This could be explained by the fact
that the built-in potential at the drain-channel interface

induces an electric field which might be high enough for
interband tunneling to occur before gate bias is applied.
This provides a possible explanation of drain current when
V=2V and V, =0V (Fig. 13(c)).

The transistor characteristics are illustrated in Fig. 15.
The solid lines depict the simulated family curves and the
dots are the calculated drain currents with maximum
electric fields extracted from simulation. With these
modifications, it is observed that the values of total drain
currents calculated with the theoretical expression
correspond to the saturation currents in Fig. 15. It should
also be noted that when V¥, =0, the electric field drops

significantly fast, reaching e of its maximum value at the
location approximately )} of ¢, beneath the Si/SiO,
interface, where ¢, is the decay factor. Therefore, the total
tunneling current under this condition is integrated up to )
of ¢,,. These calculated values are included. When V, is
smaller than V, ¢,,, the drain current is controlled by both
Vg

Y

and V,. As the device enters saturation mode, the
dependence of the drain current on ¥, becomes less
significant, and V,, is modulating the ON-OFF currents of

the transistor. These are similar to the typical I-V
characteristics of conventional MOSFETs, and ideal for
low-power IC applications.
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Figure 15. Simulated transistor characteristics of an
SSOD MOSFET. Simulated (solid lines) and calculated

(dotted lines) I-V characteristics with V,, stepping
evenly from 0 to 2V.

Subthreshold Behavior

By defining the ON state at the condition where
Schottky tunneling current equals thermionic current, we
derive a simple approximation for threshold voltage. It is
expressed in terms of Schottky barrier height, effective
mass, front oxide thickness, and flatband voltage. With
SiGe-Al parameters, ¥, is roughly estimated to be 0.5V,
which corresponds to the ON position (Fig. 16). A V,, of

approximately 1V is necessary to raise the drain current by




3 decades when ¥, =0.5V. Figure 17 shows the
subthreshold swing versus gate bias under different drain
voltages. At higher V, it is more difficult to turn off the
device, as a larger S is required.
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Figure 16. Calculated subthreshold characteristics for an
SSSD device with ¥, stepping from 0 to 2V.
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Figure 17. Subthreshold swing versus gate bias with
Va

s

stepping from 0 to 2V.

Optimization of Gate Oxide Thickness

The derivation and simulation of total drain current
from the previous sections reveal that both the magnitude
of the parallel electric fields and the integration of
tunneling current in the direction perpendicular to the

Si/SiO, interface are strongly dependent on ¢,.. It is
therefore important to characterize ¢, in order to achieve

optimum drain current for the device. Figure 18 provides a
comparison of maximum electric fields and tunneling

currents at different 7, for the SSSD devices, and the
transistor characteristics for an SSSD device with 7, =30A
are illustrated in Fig. 19. Because of the Schottky barrier
at drain, SSSD devices exhibit sufficiently small 7.,

until the drain barrier is overcome by biasing. Although
higher electric fields result in higher current densities at

smaller ¢, at ON state, it becomes more difficult to turn

10

off the SSOD devices, because a very small barrier is
easily overcome by the high speed electrons entering the
channel. There exists at ¥, = 0 a noticeable amount of

current increase when ¢, is decreased to 30A.

0.25
0.2
E o015
3
<
E
o 0.1
0.05 |
pum - am omom mm =
0 P
0 0.5 1 1.5 2
Vds (V)
Figure 18. Calculated transistor characteristics of an

SSSD MOSFET with SiGe parameters for ¢, =504
(dotted lines) and 30A (solid lines). £,,=1,, .
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Figure 19. Simulated (solid lines) and calculated (dotted
lines) transistor characteristics of an SSSD MOSFET

with ¥, stepping evenly from 0 to 2V. 7, =30A.

VI. CONCLUSION

We have presented a small transistor design utilizing
Schottky tunneling mechanism. The simple analytical
current expression is derived from the tunneling theory.
Simulations and discussion of transistor behavior are
performed to verify and modify the current expression.

The drain current due to tunneling at the Schottky
barrier source-channel interface is estimated by




KOy E P,
Lsey = %{‘—gfoz exp(— %J'tid
scH 0

where Py, and Qg are tunneling constants, &,the
maximum corner electric field, and ¢, the integration
distance along the direction perpendicular to the Si/SiO,
interface.

The drain current is in the 0.2mA/um range when the
transistor enters saturation mode. Gate capacitance is also
reduced comparing to a conventional MOSFET; therefore,
the cutoff frequency can reach approximately 150GHz.
With Ohmic drain (SSOD devices), the saturation voltage
Visar Of the device is approximately equal to the
difference between the metal Fermi level and the valance
band edge of the semiconductor at the metal-semiconductor
interface (~0.5V). However, with Schottky drain (SSSD
devices), the Schottky barrier height also contributes as an
additional term in ¥, ¢,r (~1V). The tunneling parameters
in this analysis are extracted from Al-SiGe. Current
fabrication technology provides possible tuning of Schottky
barrier height to semiconductor by employment of silicided
material. By lowering the barrier height, Schottky
tunneling current can be further enhanced.

The characterization of V. is also advantageous in the
tunneling device. As subthreshold current is dominated by
thermionic tunneling, ¥V is determined by Schottky barrier
height and flatband voltage, and independent of device
doping. Since ¢, is required for high electric field only at
the corner, its thickness over the entire channel is not
critical for high transconductance. Current fabrication
technology suggests a step-oxide possibility. The critical
thickness is only necessary for a small area covering the
source corner (Fig. 20). Because lower electric fields result
from larger ¢, at the drain edge, simulation shows that the
device exhibits a better saturation characteristic: flatter IV

curves at an earlier V,. This offers another superb

advantage in utilizing Schottky tunneling mechanism in
this structure.

Gate

—[ Oxide

Figure 20. Schematic structure of a Schottky source
MOSFET similar to Fig. 1, except gate oxide thickness
is thinner near the corner of source-channel- front
Si/Si07 interface.
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VII. APPENDIX

Schottky Tunneling Current Density
The tunneling probability is of the form

—42m*"? E;/z] (—ZEL)
exp

g ”eXp{ 3qhé

where m’is the effective mass, E, the bandgap of the

E

semiconductor and & the electric field. E , the measure of
the significant range of transverse momentum, is given by

42gn¢
3m * 72 E;/z

The induced current per unit area in the energy range
dE dE| is given by

E:

_ gm*
d]x _E;z:;’fl_}dExdEl

where E_ is the energy associated with momentum in the

tunneling direction. The tunneling current per unit area can
be obtained with the above equations,

©

*
Ji= 2?21;13
0
where F,(E)and F,(E) are the occupancy factors. Since
the device is reverse biased, F.(E)= 0, and F,(E)= 1.
The integral becomes

T.(F.(E) - F,(E))dEdE,

Eg—q9s

K (-4
Jscn = o exp( éfCHJBSCH‘ﬁ)dEx

0

where tunneling parameters Ag., , By , and K are given
by

4\/5”2‘”2 (Q¢sb + Ex)m
SCH = 3gh

4y2gn
3om™ (g4, + E..)

__gm*

2t
Material parameters in these tunneling constants are
separated from the varying term E_, grouped and defined

Bgey = 72 s

as

aw2m™ (g9,)" _ 42gn
SCH = 3qh » Osen = 3mx1/2 (Q¢xb)“2 ’

The incident current density is re-written as




C

(Eg-qds)
32
K e E, Osen
ot Jod g (i)
’ q¢\h
J QSCH S g2 [_ PSCH] ex _3PSCH(Eg_q¢_\-b) (
1SCH = 18PSCH2 0 50 p 2§0q¢w

For Si- or SiGe-Al interfaces, Schottky barrier height
is roughly % of the semiconductor bandgap. We can

further simplify the expression of J ., as

Q Pyc
JISCH = — ;) eXp| — 2” Ccarr

where the correction factor C,,,
and bandgap parameters:

represents barrier heights

E - 4
corr = - 2 €Xp| 3PSCH ( 3PSCH + § j (4PS(H _ﬁ
9Py 4¢, 3 3

C By (4P 4§))
corr 9PS(‘H SCH 3

Since (4Psm >> 4':"), C.., is further approximated, and the

_ Pscyj
%

The derivative of potential distribution with respect to
the position in the tunneling direction, yields the parallel
electric field expression:

corr

current density expression is

KQSCH Eg 2 (
—a & €XP
6PSCH é)

Jiscu ®

Derivation of Parallel Electric Field

172

&, ()= P;‘::(——ZI}){(UI - (o-, + V‘,x')exp(— I‘f))exp( af”zx)
_ ((o'f + Vd\") -0, exp(—— I“/))exp(_ o, (L- x))}
where
2[1 4 Eols _v(,xt,m j
a, = Eorlox
té,[l 42 Ealr J
I"f= L .af]/2
o~V

Vd\' ~ Vd\' + ¢.\'b - ¢hi
At the metal-semiconductor interface (x =0),

crmarfo ) o))

“1aexp(-T,) “ 1-exp(-2r

)
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—649,, Pycy + 3P, SCH(

where @, is the Schottky barrier height. A close form

expression is provided as
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Theory of Generalized Drift-Diffusion Model

D. S. Pan and X. L. Zhang
Electrical Engineering Department

University of California, Los Angles

Abstract

By taking the appropriate moments of the Boltzmann transport equation, we show that the
mobility and diffusion constants can be rigorously defined for the most general nonstationary
transport condition, including the velocity overshoot and the ballistic case. The moments are
obtained by using a special parameter called Asymmetric Relaxation Time. The theory can
provide a fundamental basis for constructing compact circuit models for all deep submicron
devices and sub 100nm devices. It can also be used to construct efficient models for device

TCAD simulators.

L. Introduction




The Boltzmann Transport Equation (BTE) provides the foundation of modeling carrier
transport in modern devices and the devices of near future. The conventional drift-diffusion
(DD)model for carrier transport is the first moment of the BTE. [1] As the minimum feature sizes
of the devices came to the submicron regime, it became necessary to include higher order of
moments of the BTE to account for the nonstationary effects. The resultant set of equations are
usually referred to as the hydrodynamic equations (HD)M [2]. Today, most of the existing device
simulators incorporate some extent of a HD model. The differences among the various HD
models are due to different ways of modeling the carrier distribution function, the carrier energy
band structure, and the microscopic relaxation times of the collision term [2]. Of course, the
Monte Carlo (MC) method is the most accurate solution of the BTE [3]. It is still considered to
be too uneconomical to be directly used for semiconductor device design.

Even though the HD model is more efficient than the MC method, it is still much more
time consuming than the DD model. As a engineering design tool, both the accuracy and
economy of the model are extremely important. To meet the trend of a shortened development
cycle and more stringent performance demand, the semiconductor industry has an immediate
need in accurate physics based device simulators with fast computation turn-around time. There
are many reasons that a new approach should be sought. We have endeavored an investigation in
this direction and found that a generalized drift-diffusion (GDD) model can be developed
rigorously based on BTE. The GDD approach can be very accurate since the two basic
parameters, generalized mobility and diffusivity, are precisely defined. We then need to model
these parameters. Once they are properly modeled, the simulation time will be similar to the

conventional DD model which is known to be very efficient.

II. Theory
The Boltzmann Transport Equation is given by
of (7, ke t . . E - 9
YCED - 59,1G00 - Zvirekn + o o




For the analysis of very small devices, (%) = 0. The distribution function is determined by three

terms. The term with V. corresponds to diffusion motion, the term with V. corresponds to drift

motion and the last term represents the effect of collisions. For non-degenerate carriers,

(%)mu = Zi?'%/?,fzr)-su?,/?) - f(i?,F,t)-S(l?,/?)M/ )

To make the most general interpretation of drift and diffusion, we will define a relaxation
time called Asymmetric Relaxation Time (ART). The ART will be the momentum relaxation
time (MRT) when the latter exist. Note that the existence of momentum relaxation time gives a
most simple but rigorous description of the drift-diffusion model. When scattering mechanisms
are velocity randomizing or quasi-élastic, the momentum relaxation time exists [4]. In silicon
these conditions are satisfied in an approximate sense. But for scattering mechanisms such as the
polar optical phonon scattering in GaAs, the conditions are not satisfied. The ART can play the
same role as MRT.

From the BTE, it is natural to divide the current density into two parts even in the most
general case. As shown, the time independent BTE has three terms: diffusion, drift and collision.
If we can take an appropriate moment of the collision term to make it a current density, we then
can obtain a general drift and diffusion model. Of course, in order to be useful, the chosen form
of the moment should be simple and have clear physical meaning. It turns out such a form is
indeed possible. We find that we can divide the distribution function into symmetric and
asymmetric parts. Due to time reversal symmetry, the collision matrix elements have some very
general properties. It can be shown that these properties will maintain the symmetry and
asymmetry of the distribution function. Only the asymmetric part of the distribution provides the
current. We can use the relaxation time ART for the asymmetric distribution to define the
required form of the moment. As will be shown in the following, the symmetric part of the
distribution makes zero contribution to the moment due to time reversal symmetry. The collision
term then produces the current density and the other two terms generate the precise definitions of
the generalized drift and diffusion current. The ART is similar to the MRT in physical meaning

but is much more general. It encompasses all the transport conditions that BTE can describe,




including the nonstationary transport and nearly ballistic case. A more detailed account is
provided in the following.

To define ART, separate finto symmetric and asymmetric parts

fFE D = fiF.kt) + fi(7 k1) (3a)

FEED = f(r*,/?,t)+2 f(F—k,t) (3b)

SRS = f(f,ic’,t)—z fF—k,b) 39)
Therefore,

D = Ly + Dy, (4a)
Define (2, = % (4b)

where the relaxation time (7, k ,t)is called ART because it describes the collision effects on the

asymmetric part of the distribution function. It can be shown that this relaxation time alone

determines the local current density. Take the momentum of
OF k.0 = — ev(k)e(F k1) . )

Then, we have

- OGV,f) - Q(— V) + Q(afl oy o+ Q(af")mu =0 62)
<Q(5f1)m,,> - — e Z/E)f,(?,/?,t)ﬂ ) (6b)
@y, = - o Bhnek r)% ok, ’)* 2 (60)

It can be shown in Appendix A that




o7, k,t) = ©(F~k,b), (7a)

@(;E,t) k _ %0(2—1%’,0 k (7b)

From Eq.(7a) and (7b), it can be shown that

<Q(ﬁf° oy = @®

We can neglect the 7 dependence of r(?,l?, t) when compared with f(7, k, t) (which changes
much faster than 7 ).Then, the diffusion term can be written as

B EOGVSEEN o — o v, B fGR s ©

We assume that f changes in the direction of the electric field, the diffusion current deisity can be

defined as (if not, it can be easily generalized as a tensor)

szﬁilsianE - e VFD(Fat)n(F:t) . (103)

Then, the generalized diffusivity is given by,

- _ - dk - _ - dk
Zr,k,t)v;f(r,k,t)ﬁ Zr,k,t)vﬁfo(r,k,t)z—;
D(r,t) = % = % (10b)
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Similarly, drift term can be used to define a generalized mobility

~ e ZE)T(F,IE,t)E-VEf(F,E,t)'%E + enu(F,E,.DEF,1) (11a)

with
_Z(VE(E))T(F’£’t)5]§Tf(F’E’t)%
A0 = E_ . (11b)

~ dk
ok t)—
Z(r ) 4 7[3
The generalized diffusivity and mobility defined in Eqs.(10b) and (11b) applies to any situation

of nonstationary transport, including the limiting case of nearly ballistic transport.




IT1. Simple Cases
Some simplified expression can be derived if the distribution function can be simplified. In the
following, it is shown for the case that a single hot electron temperature can be used to

characterize the distribution function.

When f(7,k,t) = e®=E¥¥: it can be shown that

e Lo dk
Ry TR
. kT, 4z e ..
ur,t) = i = ﬁD("J), (12)
4

where T is the hot electron temperature.

For a more general case that a single hot electron temperature can not be used to characterize the
distribution but the asymmetric part of the distribution can be neglected in the generalized
mobility, then

.. A - _dk
—ZVE(k)T(r,k,t)E-V,;fo(r,k,t)4—7[3

uF0 = : (13)
Zin 2
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If E-V_fo(F.k,t) = gg’—hvE,
) L~ dk
e Lot (- Inf,) [y K)o
- OE 4z
.t = = (14)
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The generalized Einstein relationship becomes,
e
= —D 15
4= 15)
The carrier temperature for Einstein relation is given by,
_ilnf;))wz‘fo(’?algst)d—kél
L _ OF 4 (16)
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If the band is isotropic,

2
Wg

1

T,

= lwz and

0 2
Z—ﬁlnfo)zv foD(E)dE

= 0 17
Z2 foD(E)dE (1

In Eq.(17), the hot carrier temperature for generalized Einstein relation is given by the local

energy temperature —a%ln f, weighted by the product t(E)W(E)’ f,(E)D(E).

IV. Discussion

There are many good reasons why this approach should be very useful.

1

The TCAD field is becoming a mature industry. The time to industry availability of new
physical models is shrinking from years to days. This important trend encourages the
development of modules of device-specific models. An outstanding example is the ultra-fast
device simulation with MC tuned transport models in FastBlaze. The speed is greatly
enhanced while accuracy is the same or even improved. With the GDD model, the speed will
be further improved when compared with the energy balance simulation. The accuracy can
also be improved because the GDD parameters are precisely defined while the energy
balance parameters are approximately defined. Of course, the GDD parameters can be MC
tuned.

As the minimum feature sizes of the devices are moving into the sub-100nm regime, nearly
ballistic types of motion may appear in a substantial part of the active device region.
Therefore, more and more higher order moments of BTE are required to ensure accuracy.
This can be easily expected since a nearly ballistic distribution function requires many
moments to represent it. The required simulation time will then increase greatly. As will be
shown later, the GDD parameters are precisely defined in terms of the local distribution
function. It takes care of nearly ballistic electrons as easy ( in some sense easier) as the

thermalized hot electrons.




2. As more hetorojunctions are used in special devices, the tunneling current may affect the
mobility and diffusivity in the future devices. The HD model will be again very tedious in
dealing with these effects. For the GDD model, it is natural to treat these effects as in the
nearly ballistic type of transport.

4 As the Semiconductors Roadmap [6] has emphasized, timely access to accurate computer
models of each technology area will be necessary to managing the growing complexity of the
semiconductor technology. Different levels of abstraction for models are essential to
effectively shorten time scales, lower cost, and increase quality. In device TCAD area, how to
build compact circuit models for device is as important as the device simulation. In doing
this, effective parameter extraction for device simulation results are of increasing importance.
Since most analytical works for device modeling have been done in terms of drift—diffusion
model, the usage of GDD will naturally make the task of compact circuit modeling much
easier than the HD or MC approach. For example, there is up until now no rigorous Gummel-
Poon type model for HBT since the nonstationary transport involved here cannot be put into
simple analytical forms. Using GDD approach, it will be straightforward to set up such

compact circuit models.

This work is supported by UCLA JSEP program.

Appendix A: Proof

Note: in the following , we present the proof of

(1) (7, k 1) = 1(F, —k ,1)

o B - B

To prove (1), let

—_:—1'_.— = Z?—]'C—S(k k) - _‘l—v Zk:;f‘](f.’igat)s(ig’g)
(7, k,1) w H(7,k,1) 4
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By time reversal symmetry [5]
S(k,k) = S(-k~k)
S(-k,k") = S(k—k")
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fo (ke fF.k,0)- f(F—k,1) z’ ne )= fEENSE.D (¥, k,1)

This is reasonable, because only when 7(7 k) =1(F —k ,t) , the asymmetry of f,(¥ ,k,t) can be
maintained.

To prove (2)

Lkt | < - . .

2 B%’ti)lk = %%(r,k,t)ﬂ(k,k) ~ fo(r,k,t)-S(k,k)M/
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S(k' k) = S(-k ,k) (time reversal)
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150 Gsample/s wavelength division sampler
with time-stretched output

A.S. Bhushan, F. Coppinger, B. Jalali, S. Wang and
H.F. Fetterman

A new technique for optical sampling and time stretching of an
aualogue signal is presented. The signal is ‘wavelength stamped’
by a chirped optical pulse. An arrayed waveguide grating provides
paralle] time-interleaved samples as well as 4 tine-stretched scrial
sampled waveform.

High-speed analogue-to-digital conversion systems require samn-
pling techniques that have high temporal resolution and fast sam-
pling rates. Also of great importance is a mechanism for
demultiplexing or slowing the samiples in time as they approach
the electronic quantiser. If time could be mapped onto wave-
length, then the problem of demultiplexing in time could be trans-
lated mto a problem of demultiplexing in wavclength. The latter
can be resolved easily by using just passive optical iHers. Time-to-
wavelength mapping by mixing a chirped pulse with a digital data
strcam has been used to demuluplex digital scrial data [1]. Chirp-
ing a broadband transform-limited pulse separates different spec-
tral components of the pulse in time. When the chirped pulsc
cnters the mixer, dilTerent wavelength components arrive sequen-
ticdly. Thus, time is mapped into the oplical wavclength. This tech-
nique has also been applied to transmission of WDM data [2] and
(o samplc analogue signals (3, 4]. In this Letter, we demonstrate a
novel sampling architecture based on two complimentary con-
cepls. The first is the chirped-pulse lime-to-wavelength transfor-
mation. The second is the use of discrete dispersion, abtamable
with an arrayed wavcguide grating (AWG) [5). to slow down the
sampled wavcform. )

A

-4 ]

time
chirped puise

Fig. 1 Wavelength division sampling
Difterent shades of grey represent different wavclengths

The chirped pulse sampling is shown in Fig. 1. To generate
chirped pulses, we use a passively modelocket erbiurm-doped tibre

persion 1 a singlemode tibre (SMFE. 2 = 17pssam.kin). Sampling
is performed by a silica AWG with a channel spacing of 0.8nm
and a passband of 0.3nm. The clectrical signal and the chirped
pulse interact in the optical modulator 10 produce a *wavelength
stamped’ intensity-modulated optical signal. The AWG sumples
the optical spectrum aod thus samples the thne evolution of the
electrical transient. In Fig, 2, we report the timing measurements
for a chirp of 120psnm {7km of SMT). Outputs from indivichual
AWG ports are photodetected and displayed using a digital-sam-
pling oscilloscope. The pulse-to-pulse spacing of 100ps ie Fig. 2
corresponds well 10 (he channel spacing of 0.8nm for the AWG.
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Fig. 2 Timing measurements at 10 Gsampless -
Fach trace is a different output of the AWG

FSL
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analogue input

Fig. 3 Experimental setup
FSL denotes femtosccond laser

The setup for the 150Gsample’s experiment is shown i Fig. 3.
The transform-limited pulse from the EDFL was dispersed
through a Corning SMY to produce a chirped pulse. A portion of
the femto-second laser output is fed to a photodetector to provide
the synchronising clock for the entire sysiem. The chirped pulse is
modulaled and then fed to an 8channcl silica AWG. A Snm
bandpass filler procedes the AWG so that the serialised output
contains only one free spectral range of the AWG. The outputs of
the AWG arc fed back to the corresponding inputs with incremen- -
tal dclays of around |.3ns. This feedback architecture provides
discrete dispersion and separales samples in time. In an analoguc-
to-digital (A/D)} converter system, a singlc slow electronic quan-
tiser can then be used to digitise a fast clectrical transient. ‘Ihe
feedback paths include variable atlenuators to provide spectral
equalisation. Spectral equalisation can also be atained by using a
dispersion-docreasing super-continuum fibre [6] or by a feed for-
ward archilecture {2f. The sampling rate is given by f = VAL D,
where A% is the AWG channel spacing and D is the total disper-
sion. Wc use a 500m spool of fibre for dispersion corresponding
1o a chirp rate of 8.5psmm at the modulator input, The pulsc sep-
aration (in time) at the output of each AWG channel is 6.8ps, cor-
responding to a sampling rate of 147Gsample/s. The responsc time
of the photodetector (30ps) and the jitter noise in the measuring
electronics (1.3ps) make measuring the actual pulse-to-pulse sepa-
ration difficult. However, the separation between the first and the
last channel outpuls (before feedback) was mcasured to be 32ps,
which corresponds to an average pulse separation of 6.4ps. Fig. 4
shows the time-stretched seraliscd output. The outpul ratc is
reduced from 147GHz to 770MHz by 1.3ns incremental delays in
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sample stream is 14dB. In general, thc SNR has a contribution
from the spectral nonuniformity {from laser and AWG) as well as
crosstalk within the AWG. Since the measured AWG optical
crosstalk is 27dB, we conclude that the measured SNR is limited
by the incomplete spectral equalisation, which can bc improved
with higher quality attcnuators,
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Fig. 4 Time stretched and serialised output for 147 Gsample/s sampling

Moxtulator voltuge = 1V (top lrace) and 8V (botlom trace)
VR =10V

i) A = 1565.4nm

@) A = 1566.2nm

(i) A = 1567nm

(iv} A = 1567.8nm

(¥) A = 1568.6nm

In summary, we have demonstrated a novel optical sampling
nrthod. The chirped pulse technique provides time-interleaved
samples compatible with interleaved A/D architecture. Using an
AWG in a recirculating configuration, a stream of samples can be
stretched in time and scrialised, allowing an ultra-fast electrical
transient to be digitised with a single slow A/D.

Acknowledgments: This work is supported by JSEP (Joint Service
Electronic Program) and the ONR (Office of Naval Research)
{(MURI).
€ 1EE 1998 ‘ 23 December 1997
Llectronics Lerters Online No: 19980290

A.S. Bhushan, F. Coppinger, B. Jalali, $. Wang and H.F. Fetterman
(Optoelectronic  Circuits and Spstems Laboratory, Department of
Flectrical Fngineering, UCILA, Los Angeles, CA 90095-1594, USA)

E-muil: bhushan@ee.ucla.cdu

References

1 MORIOKA, T. KAWANISHI, S.. TAKARA,H, and SARUWATARI, M.
‘Multiple-output, 100Gbits all-oplical demultiplexer based on
multichannel four-wave mixing pumped by a linearly-chirped
square pulse’, Electron. Lets., 1994, 30, (23), pp. 19551960

2 CUNDIFF, §T., KNOX, WH.,, and NuUs§, M.C. ‘Active feed-forward
channel equalisation for chirped pulse wavelength division
multiplexing', Electron. Letr., 1997, 33, (1), pp. 10-11 )

3 VLADMANIS, JA: ‘Real time picosecond optical oscilloscope’ in
FLEMING. G.R., and SIEGMAN, Ak, (Eds.): ‘Ultrafast Phenomena vV’
(Springer-Verlag, Berlin, 1986)

4 FRANKEL,M.Y, KANG.JU., and ESMAN,R.D.. ‘High-perfomnance
hybrid analog-digital converter based on time-wavelength
mapping’. LEOS 1997, postdcadlinc paper

5 YEGNANARAYANAN.S. TRINILPD., amd Jatar n: “Recirculating
photonic filler: a wavelength-sclective time delay for phased-array
antennas and wavcelength code-division multiple access’, Opt. Lett.,
1996, 21, (10), pp. 740-742

6 MORL K., TAKARA, H., KAWANISHL S., SARUWATARL M., et al: ‘Flatly
broadened supercontinuum spectrum generated in a dispersion

decreasing fibrc with convex dispersion profile’, Electron. lLett..

1997, 33, (21). pp. 1806-1808

compensation

M. Suzuki, . Morita, K. Tanaka, N. Edagawa,
S. Yamamoto and S. Akiba

L60Gbit's (8 X 20 Gbit's) soliton WDM signals were successfully

transimitted over 4000km with a BFR of < 10r% by using

periodically  dispersion-compensated  dispersion-flattened  flbre
v with an average dispersion slope of 0.0005 ps/kmv/nny’,

Soliton-WDM transmission is attractive for large-capacity long-
haul optical transmission systems because soliton-based systems
have the potential o carry higher bit rate signals than NRZ sys-
tems. The key technological issues in soliton WDM transmission
arc the reduction of collision-induced timing jitter, four-wave mix-
ing {1] and the dispersion slope of the tansmission fibre [2). The
first two requirements can be achicved using dispersion tapered
fibre spans with soliton control techniques [3, 4]. To overcome the
impact of the dispersion slopc, the usc of dispersion-flattened fibre
seems quite attractive and practical compared with a channel-by-
channel dispersion compensation scheme [2, 4]. So far, we have
made a preliminary report on the effectiveness of the soliton
WDM systems using dispersion-flattened transmission fibre and
80Gbil/s (4 x 20GbiUs) signals [5]. Tn this Letter, we show the
experimental results on 160Gbivs (8 x 20 Gbit/s) soliton WDM
transmission over 4000km using dispersion-flattened fibre with
periodic dispersion compensation with a wavelength bandwidth of
11.2nm.

160Ghit/s (0x20GhlY/s) ransmitier
230G bista, 3WDM trassanitior
Q @ o

s

e
2B0hiNe, 2WDM icanmaitior
)7 Smm,  AS=1S542wn)

23Gbide, IWDM irnnemitier
] Qlelsffam,  )Tw1SSS.2om)

20GHYE, 2WDM lememirter
(MeifSliom, Ae1¥7.4am)

Fig. 1 Experimental setup of 160Gbit’s (8 X 20Gbit/s) soliton WDM
transmission

Fig. 1 shows a schematic diagram of the experimental setup for
eight-channel 20Gbius soliton WDM transmission. We used four
2WDMX20 Ghit/s transmitters as a 160Gbit's transmitter. The
wavelengths of eight channels, ranging from 1546 to 1558 nm. werc
equally spaced by 1.6nm. Each 2WDM transmitter consists of two

* EA-modulator-based soliton pulse generators with different wave-

lengths. A 20Gbit's optical soliton data stream was produced by
using (wo 1LiNbO, mtensity modulators operated at 10Gbit’s by a
21t — 1 pseudorandom binary scqucnee and opticat Lime division
multiplexing. The pulse width obtlained was from 10 10 15ps. In
addition, each 20Gbit/s signal was modulated at 20GHz by an
LiNbO, phase modulator to improve thc transmission perform-
ance [6, 7). After combining eight 20Ghit/s signals so that the
adjacent chunnels were orthogonally polariscd, a polarisation
scrambler was used to suppress the PHB of the EDFA repeaters.
The transmission line coroprises three spans of ~27km long disper-
sion-Mlatiened fibre (DFF) and dispersion-compensation fibre
(DCF). The loss of thc DFF spaus, including the splicing loss, was
still large and (he average span loss was ~9dB. The avcrage disper-
sion slope of the DFF was 0.0005psv/km/nm? and the average chro-
matic dispersion of the DFF at 1555nm was 1.1ps’km/nm. The
accumulated chromatic dispersion of the loop was compensated
for by the DCE with 82ps/nm and the residual dispersion in the
Joop was 0.02ps’km/nm. As a froquency guiding filter, an FP-
etalon filter (FSR = 1.6nm) was placed in Lhe loop to stabilise the
transmission performance. In the receiver, the desired channel was
sclected by optical bandpass filters and the transmitied 20Gbius

_signals were oplically time-division-demultplexed to a 10Gbit's
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chirped optical pulses
F. Coppinger, A.S. Bhushan and B. Jalali

I'hc authors report a mcthod for stretching electrical signals in
time. A high chirp rate is imposed on the electrical sipnal by
mixing it with a dispersed ultra-short optical pulse in an electro-
optic ntensily modulator. This is followed by a passive optical
dispersion element to produce 4 time-magnified copy of the input
clectrical signal.

Timc manipulation of signals has been proposed as a possible
technique to match the data rates of signals to the receiver ot (o
observed very fast phenomena. Considering the time/space cquiva-
lence of dispersion and diffraction, and in direct analogy 1o a spa-

tial lens, a signal may be stretched in time by subjecting it to &

dispersion-quadratic phase modulation-dispersion sequence {1, 2].
While this concept has been known for some time, few successlul
experiments have been carried out due to the difficulty of obtain-
ing bigh quadratic phase modulation rate and/or large bandwidth
dispersive clements. In his pioneering work, Caputi demonstrated
an all-electrical time siretch system [1]. In the electrical domain,
highly dispersive elements are available, however the small band-
width of these clements limits the capability and performance of
an all-clectrical system. Large bandwidth dispersive clements are
easily obtained optically, but the dispersion remains low requiring
a high quadratic phase modulation rate (or hinear [requency chirp-
ing). Resonant optical phasc modulators were proposed as a way
to attain 4 high modulation rate [3]. While high chirp rates are
achicvable with this device, the duration of the chirp is limited.
Pulses from 4 Nd:YAG laser were also used 10 create the chirp in
an all-optical time lens [2]. The time aperture of the lens was then
limited by the bandwidth of the pulse (620GHz). In this Lettcr, we
dcmonstrate an optocloctronic time magnification sysiem with an
clectrical inputoutpul and with the lisear chirp provided by a dis-
persed optical pulse from a modclocked erbium-doped fibre laser
(EDFL). In addition to the ultra-high bandwidth (~7.5THz) and
chirp rate, this system ditfers from previously reporied time mag-
nification systcms in that the bandwidth of the input signal is neg-
ligible compared to the chirp bandwidth. With this property, an
approximation to an ideal time lens can be obtained without the
need to disperse the input signal. This results in & more relaxed
and simpler design of a time streiching system that can rcadily be
implemented with commercially available components, This tech-
nique is promising for analogue-to-digital conversion of ultra-fast
electrical signals.

depon D> (Godiaio) EOA i

photodetector

input signal

Fig. 1 Experimental setup for time magnification using chirped oprical
pulse

Fig. 1 describes our implementation of the optockectronic time
magnification systen. The 160 s pulse generated by the EDFL is
dispersed in the input fibre. When the pulse reaches the modula-
tor, different frequeacy components arrive at different times. The
electrical signal to be stretched is efficiently mixed with the chirped
optical signal by the Mach-Zehnder ekctro-optic modulator
{12GHz bandwidth). The cfficiency of (he electro-optic mixing is
significantly higher than optical-optical mixing [4] in & nonlinear
crystal. The resulting intensity-modulated chirped signal is dis-
persed in a sccond spool of fibre und its envelope is detected by a
fast photodetector with a 30ps response time.

In the experiment, we usc 4 2kin spool of fibre to generate the
frequency ramp. With a dispersion of 17ps/nm’km in the fibre, the
chirp rate at the modulator is 3.5GHz/ps. To generale an arbitrary
transient, we bias the modulator at V,, and apply an electrical
pulse to it. Fig. 2a shows the resulting waveform measured at the
modulator output. Tt represents the applied electrical pulse, its sec-
ond harmmonic originating from biasing the modulator at ¥,. The
cavelope is also somewhat shaped by the spectral envelope of the
chirped pulse. The socond dispersion consists of a 5.5km spool of

gation rougn INE SeCona AISpersive CICTmCnL.  10¢ SIgmu 1S
stretched in time by a factor of 3.25 with high fidelity.
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Fig. 2 Signal envelope after modulurion und magnified signal after sec-
ond dispersion

« Signal envelope aftcr modulation
b Magnified signal afler second dispersion

The magnification factor in our systcm depends on both the
amount of dispersion in the second dispersive stage D, and the
chirp rate. The magnilication factor can be increased by increasing
D; or by raising the chirp rate (decreasing D,). However, increas-
ing (he chirp rate also reduces thc time aperture of the syster.

The fundamental resolution of a conventional fime lens in
which the image is at the focal Ume of the lens is limited by its
bandwidth and is cstimated to be 148, where 8 is the chirp band-
width [5]. If the image is not at the focal time (the case in our
experiment), the image will be distorted. However, the resulting
distortion is negligible as the electrical signal bandwidth {(~12GHz)
is negligible compared to the baodwidth of the chip (~7.5THy).
Further, the distortion is averaged out by the finite response Lme
of the photodetector as long as Af.D; < 1,,, where Af, is the band-
width of the electrical signal and 1, is the responsc time of the
photodetecior (30 ps). The resolution and linearity of the lens are
also limited by thc non-constant dispersion inside the fibre over
the spectrum of the EDFL. Dispersion-{lattened fibre would miti-
gate this problem. The influence of the non-flat optical spectrum
on the input signal can be minimisod by spectrum cqualisation
using a fibre Bragg grating filter, dispersion decreasing supercon-
tinuum fibre [6], or a feedforward architecture [7].

In summary, we have used the high chirp rate offcred by a dis-
persed pulse from an EDTL to stretch an electrical signal in time.
The frequency ramp is intensity modulated by the electrical signal
in a Mach-Zehnder cloctro-optic modulator. The chirped signal is
then finther dispersod leading Lo time magnification. This tech-
nique has potential for the digitisation of high frequency electrical
signals.
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Packaged array of eight MSM
photodetectors with uniform 12GHz
bandwidth

R.G. DeCorby, R.1. MacDonald, A.J.P. Hnaliw,
D. Boertjes, J.N. McMullin, F. Gouin and J. Noad

Transmission line concepts were used in the design of a
broadband, integrated photodetector array. The array consists of
eight metd semiconductor-metal (MSM) photodetectors, with
acuve vegions of (26um)?, distributed along @ common bus. A
uniform 3dB bandwidth of 12GHz is demonstrated. These arrays
are central to opteelectronic switching techniques, and are
applicahlc to microwave fibre optic systems.

Putroduction: Arrays in which several photodelectors drive 4 single
breadband load are becoming increasingly important. They were
originally conceived as part of the optoelectronic switching
method [1], where they are used as column vectors in the construc-
tion of & cross-point switch or signal processor [2]. Meral-semicon-
ductor-metal (MSM) photodeteciors are parlicularly well svited to
this application [3], due to their large bandwidth, large active wxa,
simple planar structure. and low capacitance. In addmon their
symmetry allows bipolar operation and iroplies good on-off isola-
tion [2]. A second emcrging application of photodetector arrays is
in the microwave {ibrc oplics field, where the link insertion loss
and signal-to-noise ratic may be limited by the powcr-handling
capabilitics of photodetectors i the receiver [4, 5].

We report a bandwidth of 12GHz for an integrated array of
eight top-illuminated MSM dctectors, packaged on a dielectric
carrier with coplanar waveguide access lines. To our knowledge,
this is the highest speed reported for an array of detectors with
mdividually accessible bias lines, as required for optoelectromic
switching. Previously, Liu ¢t al. [6] reported 5GHz operation for
an array of 4 PIN detectors.

Fig. 1 Phorrm aph of patkﬂgcd dcwc tor array

Fabricarion: Fig. 1 shows a photograph of the array reported here.
Fight intcgrated MSM photodetectors, with (26pm) active
rcgions, are attached to a common bus, with an inter-detector
spacing of 250um. The opposite contact of each MSM provides

IBEE -

umea on or Ol 1he qTTdys were 1abricatea on a nommally n-1ypc
GaAs epitaxial fayer, with a carrier concentraton of < 10#cm-.
Dielectric isolation. layers were omitted, but the dark current was
< 100nA at an operating bias (0-10V). The mterdigjiated elec-
trodes have finger spacing and a width of 2pm. Afier dicing, the
chips were mounted on dielectric carriers with RF, coplunar-
waveguide access lines. The bias pad of each MSM was wirc
bonded to an AC ground via a bias decoupling capacitor. The
covumnon bus was connected to the coplanar lines on the chip car-
rier, via multiple wirc bonds at each end.

" e
g N ﬁ T
ZOL @ C'E% fzo
) photodeteeton photodetectorz

o)
Fig. 2 Simple equivalent circuit for array described in text
Fach cud of array is tenninated in system impedance

Theory: The basic theory of travelling-wave detector arrays is
available elsewhere [5]. Essentially, the capacitance of a single long
detector or scveral parallel photodetectors can be compensated by
the inductance of an appropriate interconnect network, such that
an artificial transonission line matched to the system impedance is
formed. This is flustrafcd schematically in the lurmoped-element
model of Fig. 2. The capacitance derives primarily from the pho-
todetectors, the resistive loss terms are mainly due to finite con-
ductivity and charge storage in the semiconductor layers, and the
mductance is provided by an appropriate intcreonncct nctwork, as
mentioned.

At microwave frequencies, it is more accurate (o treul the inter-
connecting lines with a distributed model. For the arrays discussed
here, the intcrconnect network is provided by an on-wafer micros-
trip Line, which [orms the common bus. The bus is 100um wide
aud 500pm from the ground plane. The impedance of this bne is
approximalely 802, and the effective propagation index is approx-

Jimately 2.78. The photodctector array closely resembles a penodi-

cally loaded transmission line, The matching criteria for a
terminated periodic structure are well-known, and lcad to the con-
dition [3]:

eZ1Cy
ng [-Z}- - l}

where dr, /;, and n; arc the inter-dotoctor length, characteristic
impedance, and cffcective propagation index of the bigh-impedance
interconnect, respectively. C, is the capacitance associated swith
each photodciector, and Z, is the impedance of the external sys-
tem. Fgn. 1 is valid for wavclengths greater than the period of the
loaded-hne structure.

The capacitance of discrete MSM photodeiectors is often esti-
mated using conformal transformation [7]. Those methads predict
the capacitance associated with the interdigitated fingers only,
asswring no excess charge storage in the seraiconductor layers. In
real MSM detectors, {wo other sources of parasitic capacitance
must be considered. These are the capacitance associated with the
bond pads and interconnect metal [7], and the so-called depletion
cupacitance [8] arising from charge storage deep in the semicon-
ductor bulk or at heterojunctions. By forming these witays on a
resistive homojunction layer, grown on a sesm-msuhmng GaAs
substrate, the depletion-capacitance is minimised [7]. This simpli-
fics the design of an impedance-matched ‘array, since both the fin-
ger and bound-pad capacitance contributions way be predicted
from layout geometry.

dy = (1)

Experimental resudts: The capacitance of detectors (in the arvay)
was determined using an on-wafer probe, and by fitting .S,; reflec-
tion data to a simplc equivalent circuit 7). The capacitance was
approximately 40-60fF, with little bias dependence. JFrom cqn. 1,
and using the high-impedance line charactenistics mentioned
above, the required detector capacitance for matching the array to
a 50€ system is 45fF. Assuming perfect matching (C; = 45{F), the
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A Two-Element Yagi-Uda Array Using Tunable Slot Antenna

Bo-shiou Ke, Yongxi Qian and Tatsuo Itoh
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ABSTRACT

A two-element Yagi-Uda array with two physically equal-length slots tuned by DC
bias is presented. By changing the DC bias of two reactive FET circuits imposed upon
both ends of the slot, one of the two slots can be made shorter electromagnetically and
serves as a director so that a two-element Yagi-Uda antenna array is achieved.

L INTRODUCTION

Printed slot antennas fed by
microstrip lines have been extensively
used in radar and communication
systems, mainly due to their wider
bandwidth in comparison with patch
antennas, low cross-polarization, as well
as good isolation with the active
circuitry. Recently, slot antennas
integrated with active components have
expanded their application even more
[1]. In general, the integration of active
devices provides a control mechanism
for antenna performance that is not
possible with passive antennas.

Traditionally, a two-element
Yagi-Uda antenna array is made of two
dipoles or slots with different physical
lengths, in which one of the two slots is
shorter or longer than the other to serve
as a director or a reflector, respectively
[2]. Such configuration, however, has
the direction of the mainbeam fixed as
the geometrical structure is decided. In
[3], a slot antenna with electronically
tunable length was reported. In this
paper, a novel idea of utilizing two
physically equal-length slot antennas in
which either one slot is tunable in
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electrical length to achieve a Yagi-Uda
antenna array is presented.

II. DESIGN

Figure 1. shows the
configuration for a two-element Yagi-
Uda antenna array. The FET is used to
provide a reactive output as a one-port
circuit. The varying reactance provided
through the change in the Schottky
barrier as the gate bias is changed can be
parallelly inserted to the slot antenna
through electromagnetic coupling. With
this additional reactance, an
electronically tunable slot can be
obtained. The input impedance of the
reactive FET circuit is designed to be (0-
j200 Q around 10 GHz, which
corresponds to 0.8 pF at 10 GHz. This
input impedance is to be placed at the
ends of the slot, where the impedance is
low, so that it does not significantly
affect the field distribution in the slot
antenna. The impedance at the very end
of the slot, however, is 0 Q. Therefore,
an offset of 0.067A between the very end
of the slot and the center of the
microstrip line is implemented.




In order to provide a RF short at
the crossing point of the slot and
microstrip line, a capacitor is seriesly
connected to the end of the microstrip
line before it is grounded. Two 1A, long
slots are presented here. The spacing
between two slot lines is 0.25 Ao.

A two-element  Yagi-Uda
antenna array is built, as shown in
Figures 2 and 3. As the DC biases
imposed upon the gate and drain of the
FET are changed, the slot #2 is increased
in its resonant frequency while
decreased in its electrical length, so that
it can serve as a director. Thus, a two-
element Yagi-Uda antenna array is
achieved.

III. RESULTS

The slot, the reactive FET circuit
and the feed line of the external source
are fabricated on RT/duroid 5870 by
ROGERS with €=2.33 and 31 mils in
thickness, and GaAs  MESFET
transistors manufactured by NEC
(NE76184A) are used as the active
devices in the circuit. The capacitors
used are 2.4 pF.

The measured result of S11 of
the reactive FET circuit is shown in
Figure 4. The tuning voltages are OV to
—1.54V for the gate voltage (V) and OV
to 0.36V for the drain voltage (Vg). The
variation of the resonant frequency
mainly depends on the change of Vg
Since the reactive FET has the reactive
element on the source terminal, the
operation is not quite stable as Vs
increases. Under small Vg, however, it
is possible to obtain wide tuning range.
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A tuning range of 8% in resonant
frequency of the reactive FET circuit is
obtained. With this, we are able to
change the electrical length of the slot by
approximately the same amount. The
resulting H-plane radiation pattern of the
two-element Yagi-Uda antenna array is
shown in Figure 5. With a DC bias of
Vg=-1.535 V and Vg=035 V, a front-
to- back ratio of 10 dB is observed.
Without DC bias, only a slight
directivity is observed, and the measured
front-to-back ratio is 3 dB.

IV. CONCLUSION

In this work, a two-element
Yagi-Uda antenna array with two
physically equal-length elements is
designed. Reactive FET circuits are
utilized to tune the electrical length of
one of the two slots. A tunable two-
element Yagi-Uda antenna array is
demonstrated, and a 10 dB front-to-back
ratio is obtained. This work provides a
novel idea that the mainbeam of Yagi-
Uda antenna arrays can be made
switchable by the utilization of reactive
FET circuits.
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Figure 3. Microstrip line side of the circuit.
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Table I. Comparison of front-to-back
ratio with and without bias.

Without bias 3 dB

With bias 10 dB
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sistently produce lower compression currents
than time-domain measurements for all tested
photodetectors. The difference can be ex-
plained by the delayed evolution of the space-
charge field and by the fact that saturation is
frequency dependent. High-frequency signals
become saturated at much lower levels than
low-frequency signals. Frequency-domain
measurements are usually performed at high
frequencies, whereas time-domain measure-
ments represent the average saturation level
over a broad frequency range. We report de-
tails of measurements, including the bias de-
pendence, simulation results, buildup time of
the space-charge field, and comparison be-
tween the time- and frequency-domain mea-
surements.
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Long-wavelength velocity-matched
distributed photodetectors

T. Chau, L. Fan, D.T.X. Tong, S. Mathai,
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High-power, high-speed photodetectors are a
key component in microwave fiber-optic links,
optoelectronic generation of microwaves, and
millimeter waves.! Previously, we have re-
ported a GaAs/AlGaAs velocity-matched dis-
tributed photodetector (VMDP) that operates
at 860 nm and demonstrated its potential for
high-saturation photocurrents.? For applica-
tions in rf photonic systems, however, InP-
based long-wavelength photodetectors operat-
ing at 1.3 or 1.55 pm are required. In this
paper, we report on the experimental results of
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CThM3 Fig. 2. Contour plot of the funda-
mental mode field amplitude in the passive opti-
cal waveguide using BPM simulation. See Fig. 1
for layer structure.

The schematic structure of the VMDP is illus-
trated in Fig. 1. Active metal-semiconductor-
metal (MSM) photodiodes are periodically dis-
tributed on top of a passive optical waveguide.
Optical signal is evanescently coupled from the
passive waveguide to the active MSM photo-
diodes. Photocurrents generated from each
MSM photodiode are added in phase through a
50-) coplanar strip (CPS) microwave transmis-
sion line that is velocity matched to the optical
waveguide. The MSM photodiodes serve two
functions here: they generate photocurrents and
provide the periodic capacitance loading needed
for velocity matching. The VMDP design allows
the passive waveguide, the active photodiodes,
and the microwave coplanar strips to be inde-
pendently optimized. In Fig. 1, the active MSM
photodiode consists of an InGaAs absorption
layer, an InGaAs/InAlAs graded superlattice lay-
ers, and an InAlAs Schottky-barrier enhance-
ment layer. At 10-V bias, adark current of 190 pA
is measured for an 11 X 48-pum? MSM photo-
diode. For a 1.2-mm-long VMDP with 12 11 X
48-um? MSM photodiodes, a dark current of 25
nA is measured at 10-V bias.

Figure 2 shows the contour plot of the fun-
damental mode field amplitude in the passive
waveguide using beam propagation method
(BPM) simulation. The VMDP is designed so
that only the fundamental mode exists in the
optical waveguide and the active photodiode
regions. Simulation results with the BPM
method indicate a 4% scattering loss and 7%
absorption loss per photodiode. Scattering loss
can be reduced to 1% per diode by optimizing

InGaAs/InAlGaAs/InP VMDP. the geometric structure of the active photo-
Coplanar
Strips
Optical
Waveguide
ve MSM
1nAlAs Upper Cladding I & >
s ) Photodiodes
InAIGaAs Upper Cladding I layer
InAIGaAs Waveguide Core
InAIGaAs Lower Ciadding InP Su te InAlAs Schottky Barvier layer
InGaAs/InAlAs Graded Superiattice
InGaAs Absorption layer

CThM3 Fig. 1. Schematic structure of long-wavelength velocity-matched distributed photodetector

(VMDP).
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CThM3 Fig.3. Measured frequency response
of long-wavelength VMDP (12 photodiodes, 1.2
mm long).

diode. The device under test is 1.2 mm long
and consists of 12 MSM photodiodes. In this
experiment, optical lithography is employed to
pattern the MSM photodiodes. Both the fin-
gers and the spacing are 1 pm wide. After
antireflection (AR) coating, a quantum effi-
ciency of 34% was measured (this includes the
coupling loss from optical fiber). High-
saturation current measurement with a high-
power erbium-doped fiber amplifier is in
progress.

The frequency response of the VMDP is
characterized by the optical heterodyne
method.+5 The system consists of two external
cavity tunable lasers at 1.55 m; the frequency
of each laser can be tuned in 1-GHz steps. The
optical signals are combined by a 3-dB coupler
and coupled to the VMDP through a fiber
pickup head. The microwave signal generated

‘by optical mixing in the VMDP is collected at

the output end of the CPS by a 50-GHz picop-
robe (GGB Industries), which is connected to
an rf-power sensor and monitored by an rf-
power meter. The calibrated frequency re-
sponse of long-wavelength VMDP is shown in
Fig. 3. A 3-dB bandwidth frequency of 18 GHz
is measured. By scaling down the MSM to 0.1
p.m scale, a frequency response >100 GHz is
expected.

In summary, we have experimentally demon-
strated a high-speed, high-power long-
wavelength VMDP using optical lithography. A
3-dB bandwidth of 18-GHz and an overall quan-
tum efficiency of 34% have been achieved.
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the Fourier transform of the EQO-signal is shown in Fig. 3. To cor-
rect the frequency response for the effect of finite duration of the
optical sampling and excitation pulse, the Fourier transforms of
their measured autocorrelation traces are used. A further effect on
the system response results from the finite transit time of the sam-
pling pulse in the electro-optically active InP substrate. Its
response characteristic is calculated by accounting for the spatial
distribution of the electric field of the CPW line, assuming quasi-
TEM behaviour of the propagating signal. The resulting frequency
response of the EO-sampling system as well as the corrected
response of the detector are shown in Fig. 3. A 3dB bandwidth of
70GHz results from the corrected response characteristic. The
comparison of the corrected response with the RC-limited
response (also shown in Fig. 3), which is obtained from the capac-
itance (29fF) and series resistance (5Q) of the detector when con-
nected to a 50 transmission line, shows that, in the frequency
range 120 and 170GHz, the response is dominated by the RC-
effect. Moreover, the comparison indicates that the transit-time
limited bandwidth of the devices exceeds 150GHz. The corrected
response slightly exceeds the RC-limit at very high frequencies in
Fig. 3. This may be attributed to the uncertainty of the correction
procedure, which is estimated to be £0.5dB.
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Fig. 3 Frequency response characteristics
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Typically, the dark currents of the devices range between 1 and
2nA at 2V bias. The CW quantum efficiency of uncoated devices
at 1.55 and 1.3um is found to be 3.5 and 10%, respectively. The
application of a silicon nitride AR coating leads to an enhanced
efficiency of 6.7 and 17%, respectively. Note that the behaviour of
the efficiency does not obey the geometric-optics approximation.
Rather, its treatment requires the application of exact diffraction
theory [4]. The polarisation dependence of the quantum efficiency
is found to be < 0.2dB. Moreover, the AR coating gives rise to a
larger capacitance of 40fF due to the increase in the effective die-
lectric constant. Thus, preserving the bandwidth of 70GHz with
AR coated devices will require a reduction of the active area by
~30%. As recently demonstrated in conjunction with InGaAs
MSM detectors [6], a drastic improvement of the quantum effi-
ciency without a significant loss to bandwidth performance can be
achieved by rear illumination in combination with resonant cavity
enhanced (RCE) absorption. Such an RCE configuration is
expected to result in a quantum efficiency of ~40% at 1.55um.

Conclusion: Front-side illuminated 14pm active area diameter
InGaAs photodetectors for high-speed and polarisation-insensitive
operation have been fabricated. The devices possess 0.2um feature
size finger electrodes with a semicircular shape. A pulse response
time of 3.8ps at 2V bias has been measured by EO-sampling at
1.55um wavelength. The corrected frequency response exhibits a
3dB bandwidth of 70GHz.
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Long wavelength velocity-matched
Fisﬁributed photodetectors for RF fibre optic
inks

T. Chau, L. Fan, D.T.K. Tong, S. Mathai, M.C. Wu,
D.L. Sivco and A.Y. Cho

An InP-based long wavelength velocity-matched distributed
photodetector with metal-semiconductor-metal photodiodes is
experimentally demonstrated. A 3dB bandwidth of 18GHz and
an external quantum efficiency of 0.42A/W have been achieved.

Introduction: High power, high frequency photodetectors are a key
component for high performance microwave fibre optic links [1 - 3].
High optical power in externally modulated links can greatly
enhance the link gain, signal-to-noise ratio, and the spurious-free
dynamic range [4]. It is also very useful for millimeter-wave gener-
ation by photomixing. Previously, we have reported a GaAs/
AlGaAs velocity-matched distributed photodetector (VMDP)
operating at 860nm wavelength, and demonstrated its potential
for high saturation photocurrent [1). For applications in RF phot-
onic systems, however, InP-based long-wavelength photodetectors
operating at 1.3 or 1.55um are required. The successful fabrication
of a long-wavelength VNJDP is first reported in [5). In this Letter,
we report on the experimental results and RF performance of the
InGaAs/InAlGaAs/InP VMDP.

Device structure and fabrication: The schematic structure of the
VMDP is illustrated in Fig. la. Active metal-semiconductor-metal
(MSM) photodiodes are periodically distributed on top of a pas-
sive optical waveguide. The optical signal is evanescently coupled
from the passive waveguide to the active MSM photodiodes.
Photocurrents generated from the MSM photodiodes are added in
phase through a 50Q coplanar strip (CPS) microwave transmis-
sion line that is velocity-matched to the optical waveguide. The
MSM photodiodes serve two functions: generating photocurrents
and providing the periodic capacitance loading needed for velocity
matching. The VMDP design allows the passive waveguide, the

1422 ELECTRONICS LETTERS 9th July 1998 Vol. 34 No. 14




active photodiodes, and the microwave coplanar strips to be inde-
rendently optimised. The active MSM photodiodes consist of an
InGaAs absorption layer, InGaAs/InAlAs graded superlattice lay-
ers, an InAlAs Schottky-barrier enhancement layer, and a Ti/Au
contact with 200A/2000A thickness. The fabrication process is as
follows: first, T/Au interdigitated fingers with 1.5pm width and
0.5um spacing are patterned using standard photolithography and
liftoff techniques, then active mesas for individual photodiodes are
defined by wet etching down to the InAlAs upper cladding II. Fig.
1b shows the cross-section of the VMDP after mesa etching. A
passive ridge waveguide with a ridge height of 0.1um is employed
to connect the photodiodes. After mesa and waveguide etching,
the CPS microwave transmission line is patterned using a standard
liftoff technique.

. MsM
photodiodes

coplanar
strips

optical
waveguide

InAlAs upper cladding It
InAIGaAs upper cladding |
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Fig. 1 Schematic structure of long-wavelength VMDP and cross-section
after mesa etching

a Schematic structure of VMDP
b Schematic cross-section of VMDP after mesa etching

(o]
Fig. 2 Contour plot of fundamental mode field amplitude in photodiode
region using BPM simulation

See Fig. | for detailed layer structure

The beam propagation method (BPM) is used to design and
simulate the optical performance of the VMDP. A largecore opti-
cal waveguide is employed to reduce the coupling loss between the
passive waveguide and the photodiode region as well as to reduce
the optical power density in the absorption region. Only the fun-
damental mode exists in both the passive waveguide and the pho-
todiode regions. Fig. 2 shows the optical field distribution of the

VMDP in the photodiode region. Most of the optical energy is
concentrated in the waveguide core. The optical absorption and
the coupling loss per photodiode for the VMDP with 11um long
photodiodes and 89um spacing between photodiodes are estimated
to be 6.2% and 1.8%, respectively, by the BPM simulation. The
coupling loss can be further improved by reducing the width of
the active mesa.

Device characteristics: The finished devices are cleaved and
mounted on copper heat sinks before testing. The VMDP exhibits
a very low dark current: 190pA at 10V bias for individual photo-
diodes (11 % 48um?), and 25nA for the 1.2mm long VMDP with
12 photodiodes. The excess dark current in the VMDP is attrib-
uted to the leakage current under the CPS electrodes, which has a
much larger area than the active photodiodes. This can be elimi-
nated by placing the electrodes on thin dielectric. The external
quantum efficiency is measured to be 0.42A/W after anti-reflection
(AR) coating. The dominant loss comes from the coupling from
the optical fibre to the VMDP. All devices exhibit linear respon-
sivity up to 12mA of photocurrent.

12

relative response,dB
b b o wo ©

o}
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18 % 15 1 ——
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Fig. 3 Measured frequency response of long wavelength VMDP
12 photodiodes, total length = 1.2mm

The microwave performance of the VMDP is measured by an
HP 8510C network analyser. The microwave return loss (S,) is
<-22dB from 0.1 to 40GHz. The characteristic impedance of the
VMDP is matched very well to 50Q (within 4%) for the entire fre-
quency range. The frequency response of the VMDP is character-
ised by the optical heterodyne method {6, 7] using two external
cavity tunable lasers at 1.55um. The optical signals are combined
by a 3dB coupler, and coupled to the VMDP through a fibre
pickup head. The output microwave is collected by a 50GHz pico-
probe (GGB Industries) and monitored by an RF power meter.
The calibrated frequency response of the VMDP is shown in Fig.
3. A 3dB bandwidth of 18GHz is measured. The bandwidth is
limited by the transit time of the MSM photodiodes. By scaling
down the MSM to a O.pm scale, much higher bandwidth
(> 100GHz) can be obtained.

The maximum photocurrent of 12mA is currently limited by
thermal damage to the MSM photodiode. The device remains lin-
ear up to the maximum photocurrent. Inspection of the failed
device by energy dispersive X-ray analysis (EDX) indicates that
gold difflision into the semiconductor is the main failure mecha-
nism. Improving the diffusion barrier of the Schottky contact
should lead to even higher photocurrent.

Conclusion: We have experimentally demonstrated a long wave-
length velocity-matched distributed photodetector with twelve
metal-semiconductor-metal photodiodes. A 3dB bandwidth of
18GHz and an external quantum efficiency of 0.42A/W have beer.
achieved.
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Optoelectronic clock recovery circuit using
resonant tunnelling diode and uni-travelling-
carrier photodiode

K. Murata, K. Sano, T. Akeyoshi, N. Shimizu, E. Sano,
M. Yamamoto and T. Ishibashi

An optoelectronic clock recovery circuit is reported that
monolithically integrates a resonant tunnelling diode and a uni-
travelling-carrier photodiode. The integrated circuit extracts an
electrical 11.55GHz clock signal from 11.55Gbit/s RZ optical
data streams in a wide locking range with low power dissipation.
Furthermore, the extraction of a subharmonic clock from 23.1
and 46.2Gbit/s input data streams is also confirmed.

Introduction: Because of the growth in multimedia services, ultra-
high-speed optical receivers will be indispensable for future back-
bone networks. To realise a small high-speed receiver circuit with
low power consumption, an optoelectronic circuit using resonant
tunnelling diodes (RTDs), and a new type of wideband, high-satu-
ration power photodetector called the uni-travelling-carrier photo-
diode (UTC-PD) [1] is a promising candidate because of its
inherent high-speed operation. For example, an RTD/UTC-PD
integrated circuit (IC) demultiplexing an 80Gbit/s optical signal
into 40 Gbit/s electrical signals at an extremely low power of
7.75mW has been demonstrated [2]. A clock recovery circuit is
another key component for realising the receiver circuit. Several
kinds of optical injection-locked RTD oscillator [3 — 5] have been
reported, and phase locking to optical input has been demon-
strated. However, clock extraction from an optical data signal,
such as a pseudo-random bit stream (PRBS), and subharmonic
clock extraction have not been reported.

This Letter describes an optoelectronic clock recovery circuit
that monolithically integrates an RTD and a UTC-PD on an InP
substrate. The principle of synchronisation is optical injection-
locking of a free-running oscillator. The fabricated circuit success-
fully extracted an electrical 11.55GHz clock signal from an

11.55Gbit/s RZ optical input data stream in a wide locking range
with low power dissipation. Furthermore, the IC exhibited sub-
harmonic clock extraction from 23.1Gbit/s and 46.2Gbit/s input

data streams.
L

optical input RTD __,}7__
—
UTC-PD
P transmission line (Zo,tp)
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Fig. 1 Circuit diagram of clock recovery circuit

Circuit configuration: Fig. 1 shows a circuit diagram of the pro-
posed clock recovery circuit. The circuit consists of an oscillator,
which is constructed with an RTD and a transmission line, and a
UTC-PD. In the RTD oxscillator, the RTD is biased in the nega-
tive differential resistance (NDR) region, and the collector is con-
nected to the transmission line whose other terminal is connected
to the ground. The essential synchronisation principle is injection-
locking of the RTD oscillator using the photocurrent generated by
the UTC-PD. Here, the use of the UTC-PD is important to main-
tain fast photoresponse at low bias voltages [6] corresponding to
the NDR region of the RTD. The self-oscillation of the RTD
oscillator is theoretically analysed in [7], and the oscillating fre-
quency is inversely proportional to the propagation delay time 1,
of the transmission line. In the present circuit, the transmission
line is a coplanar wave guide monolithically fabricated on the InP
substrate. The physical length and characteristic impedance Z, of
the transmission line were 1150um and 50, respectively. The
active areas of the RTD and UTC-PD were 6 and 20um?, respec-
tively. The bias voltage V was +0.43V; the chip size was 1.9 x
0.5mm. ’

Experimental results: The 1C was fabricated by monolithically
integrating an InGaAs/AlAs/InAs RTD and an InP/InGaAs UTC-
PD on an semi-insulating InP substrate {2, 8]. The peak and valley
current of the RTD were 7.4mA at 0.35V and 0.6mA at 0.7V,
respectively. The responsivity of the UTC-PD was 0.26A/W at a
wavelength of 1.55um, and the 3dB bandwidth around the bias
voltage V was ~ 80GHz.
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The IC was tested on a wafer. The input RZ optical data stream
(A = 1.55um) was generated by an electro-optic pulse pattern gen-
erator that can output a 10—80Gbit/s optical data stream [9]. The
pulsewidth of the RZ optical data input was < 10ps, and the data
sequence was PN 22-1 PRBS. The input optical signal illuminated
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Abstract
Improved performance of InP-based long wavelength velocity-matched distributed photodetector (VMDP) with

metal-semiconductor-metal photodiodes is experimentally demonstrated. A 3-dB bandwidth of 13 GHz and an
external quantum efficiency of 0.57 A/W have been achieved.

L Introduction

High power, high frequency photodetector is a key component for high performance microwave fiber optic
links [1-3]. High optical power in externally modulated links can greatly enhance the link gain, signal-to-noise ratio,
and spurious-free dynamic range [4]. In conventional photodetectors, there is a trade-off between the saturation
photocurrent and the device bandwidth. High power device requires a large absorption volume, thus the device is
usually large, resulting in large RC time or long carrier transit time that limits the device bandwidth. In contrast,
conventional high-speed photodetectors with small RC time and small transit time usually have low saturation
photocurrents. The velocity-matched distributed photodetectors (VMDP) is a novel type of travelling wave
photodetector which can achieve both high bandwidth and high saturation power. It was first proposed in 1993 [6],
and has been successfully demonstrated experimentally [1,5]. The successful fabrication of long-wavelength VMDP
for use in 1.3 or 1.55 um RF Photonics systems was first reported in [5]. In this paper, we report on the performancé
of improved long wavelength VMDP with new design and fabrication procedures. A 3-dB bandwidth of 13 GHz and
an external quantum efficiency of 0.57 A/W have been achieved.

II. Device Structure and Fabrication

The schematic structure of the VMDP is illustrated in Figure 1. A passive (non-absorbing) optical waveguide
is used to serially connect an array of periodically spaced metal-semiconductor-metal (MSM) photodiodes. Light in
the optical waveguide is evanescently coupled to the MSM photodiodes. The photocurrents are added in phase and
collected by a 50Q2 coplanar strips (CPS) microwave transmission line. The active photodiodes are designed to have
small optical confinement factor to keep them bellow saturation under high optical illumination. The bandwidth of
the VMDP is limited by that of the individual photodiode, and the residual velocity mismatch. Since photocurrents
are collected from many photodiodes along the transmission line, the individual photodiode does not need to have
high quantum efficiency and therefore can be made small and fast. The MSM photodiodes serve two functions:
generating photocurrents as well as providing the periodic capacitance loading needed for velocity matching. The
VMDP design allows the passive waveguide, the active photodiodes, and the microwave coptanar strips to be
independently optimized.
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The principle of the VMDP has been discussed in more detail in [1]. We have made three major changes: (1)
mesa width reduction to reduce optical coupling loss from optical waveguide to active MSM photodiodes; (2) nitride
passivation on mesa sidewall and underneath the large CPS electrodes to reduce dark current and improve device

reliability; and (3) use of platinum in Schottky metal contacts to prevent gold diffusion at high power operation
MSM
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Figure 1. Schematic structure of long-wavelength Figure 2. Contour plot of the fundamental mode profile
velocity-matched distributed photodetector (VMDP)  in the photodiode region using BPM

Beam propagation method (BPM) is used to design and simulate the optical performance of the VMDP. Large-
core optical waveguide is employed to reduce the coupling loss between the passive waveguide and the photodiode
region as well as to reduce the optical power density in the absorption region. Only fundamental mode exists in both
the passive waveguide and the photodiode regions. Figure 2 shows the optical field distribution of VMDP in the
photodiode. Most of the optical energy concentrates in the waveguide core. The optical absorption and the coupling
loss per photodiode for the VMDP shown in Fig. 1 are estimated to be 8.3% and 1.6%, respectively, by the BPM
simulation.

Photodiode
10 pm mesa
Air
Nitride
window
200 A Ing Al wAS
660 A Ing 5yGay 7 AS/ING 1Al y4AS
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InP Substrate electrode  Optical waveguide electrode
Figure 3. Cross section of VMDP wafer Figure 4. SEM picture of a single MSM photodiode
after mesa etching of VMDP

The active MSM photodiodes consists of InGaAs absorption layer; InGaAs/InAlAs graded superlattice layers;
InAlAs Schottky-barrier enhancement layer; and interdigitated fingers. The fabrication process is as followed: first,
metal alignment markers are patterned on the substrate for subsequent process. Next, active mesas for photodiodes
are defined by wet etching down to the InAlAs Upper Cladding II. Then optical ridge waveguide with ridge height
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of 0.1um is formed by wet etching. After mesa and waveguide etching, a Si;N, passivation layer is deposited to
protect the mesa edges. The nitride directly on top of the active mesas are opened for Schottky contacts.
Interdigitated Ti/P/Au fingers with 1um finger width and 1um finger spacing are patterned in the open windows
using optical lithography. Finally, the CPS microwave transmission line is fabricated using standard liftoff
technique. The cross section of VMDP wafer after mesa etching is shown in Figure 3. Figure 4 shows the scanning
electron micrograph (SEM) of a single MSM photodiode in the VMDP.

III. Device Characteristics
All devices under test are mounted on copper heat sinks. The temperature is set at 19 °C using a temperature
controller. The VMDP exhibits very low dark current: 8.3 nA at 10V bias for a 1-mm-long VMDP with 13
photodiodes. The dark current has been reduced by 10 times compared to the VMDP in [5]. It is attributed to the
nitride passivation which prevents the leakage currents through the sidewalls and the CPS ¢lectrodes. The external
quantum efficiency is measured to be 0.4 A/W. With anti-reflection (AR) coating, it could reach 0.57 A/W. The
dominant loss comes from the coupling from optical fiber to the VMDP. Figure 5 shows the DC responsivity of the

new device. The responsivity of the VMDP in [5] is also shown for comparison.
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Figure 5. DC responsivity of VMDP Figure 6. Schematic of optical heterodyne system setup for
(without AR coating) frequency response characterization of VMDP

The frequency response of the VMDP is characterized by optical heterodyne method [7,8]. The schematic of
the experimental setup is shown in Figure 6. The system consists of two external cavity tunable lasers at 1.55um, the
frequency of each laser can be tuned in 1GHz step. The optical signals are combined by a 3dB coupler, and coupled
to the VMDP using a fiber pickup head. The microwave signal generated by optical mixing in the VMDP is
collected at the output end of the CPS by a 50GHz picoprobe (GGB Industries), which is connected to an RF power
sensor and monitored by an RF power meter. The calibrated frequency response of long wavelength VMDP is
shown in Figure 7. At 10 Volt bias, a 3dB bandwidth frequency of 13GHz is measured. By scaling down the MSM
to deep sub-micron scale, much higher bandwidth (> 100 GHz) is expected. '
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Figure 7. Measured frequency response of a long wavelength VMDP
with 10 MSM photodiodes at different DC bias voltages

‘ IV.  Conclusion
In summary, we have experimentally demonstrated the improved performance of the long wavelength velocity-

matched distributed photodetector (VMDP). A 3dB bandwidth of 13 GHz and a responsivity of 0.57 A/W have been
achieved. ,
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Abstract

A novel velocity-matched distributed balanced photodetector with a 50Q coplanar waveguide
output transmission line has been experimentally demonstrated in the InP/InGaAs material system.
Distributed absorption and velocity matching are employed to achieve high saturation photocurrent. A
common mode rejection ratio greater than 27 dB has been achieved. The RF link experiment conducted at
6.48 GHz shows that the laser intensity noise has been suppressed by more than 17 dB.
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Abstract— A novel velocity-matched distributed balanced
photodetector with a 50Q coplanar waveguide output
transmission line has been experimentally demonstrated in the
InP/InGaAs material system. Distributed absorption and
velocity matching are employed to achieve high saturation
photocurrent. A common mode rejection ratio greater than 27
dB has been achieved. The RF link experiment conducted at
6.48 GHz shows that the laser intensity noise has been
suppressed by more than 17 dB.

Index Terms— RF photonics, microwave photonics,
noise suppression, analog fiber optic links, balanced
photodetectors, optical receivers

I. INTRODUCTION

Balanced photodetectors are of great interest to
analog fiber optic links because they can suppress laser
relative intensity noise (RIN) and amplified spontaneous
emission noise (ASE) from erbium-doped fiber amplifiers
(EDFA) [1]. Because balanced photodetectors can achieve
shot noise-limited link performance, we can continue to
improve the noise figure and the spurious-free dynamic
range (SFDR) of externally modulated links by increasing
the power of the optical carrier. Therefore, balanced
photodetectors with broad bandwidth and high saturation
photocurrents are particularly important for analog fiber
optic link applications. Though discrete balanced
photodetectors with high saturation power have been
reported, their bandwidth is limited [2]. Most of the
reported integrated balanced receivers suffer from low
saturation power and are not suitable for analog links [3-5].
Previously, we have reported a velocity-matched distributed
photodetector (VMDP) with a peak saturation photocurrent
of 56 mA and a 3-dB bandwidth of 49 GHz [6]. Recently,
InP-based long wavelength VMDP has also been reported
[7]. Compared with other photodetector structures, the
VMDP is more suitable for implementing balanced
photodetection since it has separate optical and microwave
waveguides. In this paper, we propose and demonstrate a
novel, monolithic distributed balanced photodetector that
can simultaneously achieve high saturation photocurrent
and large bandwidth. A common mode rejection ratio of 27
dB and a noise suppression of 17 dB have been
experimentally demonstrated.

IL. DESIGN

Figure 1 shows the principle and the schematic
structure of the distributed balanced photodetector. It
consists of two input optical waveguides, two arrays of
high-speed metal-semiconductor-metal (MSM) photodiodes
distributed along the optical waveguides, and a 50Q
coplanar waveguide (CPW) output transmission line. The
detector operates in balanced mode when a voltage bias is
applied between the two ground electrodes of the CPW.
The common-mode photocurrent flows directly to the
bottom ground electrode while the difference photocurrent
(signal) flows to the center conductor. The signal is then
collected by the CPW. The diodes are 23 um long and 5 pm
wide. The separation between photodiodes is 150 um. The
MSM fingers with lpm width and lum spacing are
patterned by optical lithography. The overlap of the MSM
fingers is 10.5 um. The central conductor of the CPW has a
width of 55 um and the separation between the central
conductor and the ground conductors is 85 pm. Without the
photodiodes, the velocity of the CPW is about 31.8% faster
than the light velocity in the optical waveguide. The
photodiode arrays provide the periodic capacitance loading
to slow down the microwave velocity. By adjusting the
length and separation of photodiodes, velocity matching
between the CPW and the optical waveguides is achieved.
The impedance of CPW is also matched to 50€2.

The distributed balanced photodetector inherits the
basic advantages of the VMDP, namely, high saturation
photocurrent, high quantum efficiency, and large
bandwidth. It should be noted that even though only the
difference current (AC signal) is collected in the balanced
photodetector, the DC light is still absorbed in the
photodiodes. As a result, high DC saturation photocurrent is
required for the distributed balanced photodetectors. By
coupling only a small fraction of light from the passive
waveguide to each individual photodiodes, the photodiodes
are kept below saturation even under intense optical input.
Though longer absorption length is required, the bandwidth
of the distributed balanced photodetector remains high
because of the velocity matching. The linearity of the
detector is also improved by distributed absorption because
the photo carrier density is reduced in the active region.

Opftical Waveguide
The optical waveguide consists of the following: a
200-nm-thick Ings»Aly37/Gag 1As lower cladding layer, a




500-nm-thick IngsyAlp17sGag3p2As core region, a 200-nm-
thick Ings,Aly37Gag 1 As first upper cladding layer, and a
thin IngspAlg4sAs second upper cladding layer. The 150-
nm-thick absorption region is located on top of the
waveguide for evanescent coupling. Since the Schottky
barrier height of most metals on InGaAs is typically
between 0.2-0.3 eV, an Inys;AlgssAs cap layer is used to
increase the Schottky barrier height and therefore decrease
the dark current of the photodiodes [8,9]. A graded layer is
incorporated in the structure to reduce the minority carrier
trapping at the InAlAs-InGaAs band edge discontinuity.

A scalar three-dimensional beam propagation
method (BPM) was used to simulate the optical properties
of the balanced VMDP. The absorption per photodiode and
the optical coupling loss between photodiodes are estimated
to be 8.8% and 3.2%, respectively. Our simulation shows
that an AC quantum efficiency of 42% can be achieved for
balanced receiver with 10 pairs of photodiodes. Since the
two optical waveguides are 140 pm apart, no optical
coupling between the waveguides is expected. This is
confirmed by the BPM simulation. Figure 2 shows the
optical intensity profile and the power distribution along the
waveguides when a fundamental mode is launched into the
first waveguide (WG1) at the input. The waveguide powers
were calculated using computational windows surrounding
the individual waveguides. Indeed, no power coupling to
WG2 is observed. The slight decay in WG1 (0.195
dB/mm) is attributed to loss to slab mode.

Modeling of Microwave Transmission Line

The impedance and the phase velocity of the CPW
are calculated using the equivalent circuit model described
in Ref. [10]. The length of the photodiodes and the
separation between them are adjusted to achieve
simultaneous velocity matching and impedance matching.
Since the separation between the central conductor and the
ground electrodes (85 pum) are much smaller than the
wavelength of the RF signal (about two order of magnitude
smaller at 50 GHz), quasi static analysis is reasonably
accurate [11]. The capacitors and resistors of each
photodiodes are considered as lumped elements in our
quasi-static simulation.  After optimizing the receiver
structure, a full-wave analysis was performed to verify the
design. We found that the quasi-static results agree very
well with the full wave analysis for frequency below 100
GHz. The period in our device corresponds to a cut-off
frequency of 300 GHz, well above our expected frequency
of operation. Therefore, the dispersion due to the
periodicity of the structure is negligible for frequencies
below 100 GHz [12].

The overall performance of the balanced VMDP is
simulated using the model in Ref. [13], which includes the
transit-time frequency response of the photodiodes, the loss
and dispersion of the microwave transmission line, the
optical coupling loss between the photodiodes, and the
residue velocity mismatch between the CPW and the optical
waveguides.

II1. FABRICATION

Fabrication of the receiver started with removing
the InGaAs layer except in the active areas of the
photodiodes. Ridge waveguides with 100 nm ridge height
were formed by wet chemical etching. The active regions of
the photodiodes were defined by opening 6x23-pm’
windows on the 150-nm-thick silicon nitride (SisNy) film
deposited by plasma-enhanced chemical vapor deposition
(PECVD). Buffer HF was used to open the windows. The
Ti-Au electrodes and contact pads were then delineated by
standard lift-off processes. The tips of the MSM fingers are
placed on top of the SizN; to suppress the soft breakdown
and enable the MSM diodes to operate over a wider range
of bias voltages [14]. A 350-nm-thick coplanar waveguide
was formed by standard lift-off process to connect the
distributed balanced photodetectors. Finally the balanced
detector structure is cleaved and mounted on copper heat
sinks. By measuring the forward current-voltage
characteristics, the barrier height of the metal-
semiconductor junction was estimated to be 0.57 eV.

IV. EXPERIMENTAL RESULTS

The balanced VMDP exhibits very good electrical
and optical characteristics. The dark current is measured to
be 28 pA/cm’? at 10 V bias; the lowest reported for
InAlAs/InGaAs MSM photodiodes (Figure 3). At the
operating voltage of 4 V, the total dark current of a
balanced receiver with 5 pairs of photodiodes is 1.5 nA. We
used a pair of lensed fibers to couple light into the
photodetector. Figure 3 also shows the measured
responsivity of the photodetector as a function of bias
voltage. The average DC responsivity was measured to be
0.45 A/W at 8 V bias. Responsivity as high as 0.6 A/W has
been observed in some devices. With anti-reflection
coating, the average responsivity can be increased to 0.64
A/W. The DC photocurrent at 8 V versus the input optical
power is shown in Figure 4. The photocurrent of each
VMDP remains linear up to 12 mA (27 mW of optical
power). We did not increase the optical power further to
avoid damaging the devices.

An HP 8510C network analyzer was used to
measure the characteristic impedance and the microwave
return loss (S);) of the balanced receiver. Figure 5 shows
the measured S parameters of the receiver. The S,; is below
-30 dB from 45 MHz to 40 GHz, indicating that the
impedance of the detector is very well matched to 50 Q.
The loaded CPW has very low insertion loss. The measured
S)2 shows a drop of only 0.6 dB from 45 MHz to 40 GHz.

The frequency response of the balanced VMDP
was first characterized with light coupled to one waveguide
only. Figure 6 shows the frequency response of the
photodetector. Using the optical heterodyne technique with
two external cavity tunable semiconductor lasers at 1.55
um, the 3-dB bandwidth was found to be 16 GHz for both
photodetector arrays. The bandwidth is currently limited by
the carrier transit time of the MSM photodiodes. Since the




bandwidth of our capacitance loaded CPW is much greater
than 40 GHz, the bandwidth of the balanced VMDP can be
increased by scaling down the MSM photodiodes.
Theoretical simulation indicates that bandwidth > 100 GHz
is achievable.

Figure 7 depicts the experimental setup for
balanced detection. A distributed feedback (DFB) laser with
1542-nm wavelength and 0 dBm output power is employed
as optical source. It is amplified by an EDFA and then
filtered by an optical bandpass filter with 2-nm bandwidth.
The microwave signal was modulated onto the optical
carrier by an X-coupled Mach-Zehnder modulator (MZM),
which produces two complimentary outputs for the
balanced VMDP. The outputs are coupled to the balanced
VMDP by two lensed fibers. To maximize the signal
enhancement and noise cancellation, it is important to
match the amplitudes and phases of the two detected
microwave signals. In our experiment, a variable attenuator
was used to match the amplitudes of the photocurrents.
Typical balance between the VMDP was within 2% of the
total photocurrent reading. We also employed a variable
optical delay line to match the microwave phases of the
detected signals. For balanced detection, the RF signals
need to be exactly 180° out of phase. The maximum delay
in our setup is 50 mm, which allows us to match the phases
of RF signals above 6 GHz.

Balanced detection is achieved by applying a bias
of 8 V between the two ground electrodes of the CPW. A
custom-made high-frequency probe with an integrated DC-
blocking capacitor on one ground probe is used to collect
the microwave output signal. Figure 8 shows the biasing
scheme. The DC photocurrents are measured through two
ammeters: the difference photocurrent (ip;z) is monitored
through the bias-T connected to the probe, and the common
mode photocurrent (icop) is monitored between the ground
electrodes of the CPW. Figure 9 shows the common mode

rejection ratio (CMRR), defined as
Cm=2o.1og[_iCOM J, as a function of the total
iDIFF

photocurrent. Very high CMRR (> 27 dB) is measured for a
wide range of photocurrent from 30 nA to 12 mA. This is
attributed to the well-matched characteristics of the
photodiodes in our monolithic balanced detectors.

To verify the balanced detection, we modulated
the optical input at 8 GHz and varied the delay of the fiber
optic delay line from 0 to 50 mm. Figure 10 shows the
detected RF signal versus the delay. When the received RF
signals have a 0° phase difference, the RF output is
cancelled out in balanced mode. When the detected RF
signals are 180° out of phase, the small signal photocurrents
from the two photodiode arrays are added in phase and
maximum RF signal is observed. The extinction ratio is
more than 44 dB.

One key advantage of the balanced photodetector
is its ability to cancel out the laser RIN. To evaluate the

cancellation ratio of our device, we compare the noise
spectra of a DFB laser measured by our photodetector in the
unbalanced and the balanced modes. The DFB laser
operates in CW condition and has a RIN peak at 6.5 GHz.
The top trace in Figure 11 shows the noise spectra
measured near its RIN peak when only one waveguide is
illuminated. We confirm that the noise is dominated by the
RIN of the DFB laser. When the optical input power is
doubled, the noise floor increases by 6 dB. We then biased
the photodetector in the balanced mode and coupled the
input to both the optical waveguides. The bottom trace in
Fig. 10 shows the noise spectra detected by the balanced
detector. Suppression of the RIN by as much as 15 dB is
observed. The maximum suppression occurs at 6.48 GHz,
at which frequency the phases of the detected noise matches
exactly. Since optical path lengths of the two input fibers
are not equal (due to the insertion of the fiber delay line),
the cancellation of the laser RIN is not as effective when
the frequency deviates from 6.48 GHz. With equal fiber
lengths for both inputs, uniform noise cancellation is
expected for all the frequencies.

Figure 12 shows the RF spectra of the output from
the balanced VMDP in the unbalanced (only one waveguide
is illuminated) and the balanced mode. Suppression of the
noise floor by 17 dB has been observed in the balanced
mode over a wide frequency range from 6 to 15 GHz. This
is equivalent to 23 dB improvement of noise if two outputs
were considered. The signal is also enhanced by 6 dB. For
frequencies below 6 GHz, the fiber length for one RF
period is longer than 50 mm, exceeding the maximum delay
length in our current setup. We are currently working on a
new setup with two fiber optic delay lines to achieve
exactly equal optical path lengths for broad band operation
without any tuning of the delay line. This will allow us to
measure the AC responsivity of the device in the balanced
mode.

V. CONCLUSION

We have successfully designed, fabricated, and
experimentally demonstrated a balanced velocity-matched
distributed photodetector (VMDP) with both impedance
and velocity matching. The device exhibits a very low dark
current (1.5 nA for the balanced VMDP with 10 pairs of
photodiodes) and a high external quantum efficiency (0.64
A/W). The relative intensity noise (RIN) of a
semiconductor distributed feedback laser has been
suppressed by 17 dB, and the RF signal has been enhanced
by 6 dB. To the authors’ knowledge, this is the first report
of monolithic distributed balanced photodetectors. The
experimental results indicate that the distributed balanced
photodetector will have a major impact on most RF
photonic systems.
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active region with an MSM photodiode.
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ABSTRACT
We report on the noise suppression properties of a novel distributed balanced photodetector that we
designed and fabricated. Large improvement in signal-to-noise ratio (SNR) has been observed over a

wide range of received optical power and RF signal phase mismatch.
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Balanced photodetectors are of great interest to analog fiber optic links because they can suppress
relative intensity noise (RIN) of lasers and amplified spontaneous emission noise (ASE) from erbium-
doped fiber amplifiers (EDFA). When used in conjunction with an external modulator with
complementary outputs, shot noise-limited system performance can be achieved [1]. In order to fully
exploit the advantages of the balanced systems, balanced photodetectors with high saturation
photocurrents and broad bandwidth are required. Monolithically integrated balanced photodetectors offer
superior performance (broader bandwidth, better matching of photodiodes) and reduced packaging cost.
However, most of the integrated balanced photodetectors reported to date have low saturation
photocurrents and are not suitable for analog applications.

Previously, we have reported a novel distributed balanced photodetector [2]. It integrates two
velocity matched distributed photodetectors (VMDP) with a microwave coplanar waveguide (CPW). This
new device inherits the basic advantages of the VMDP, namely, broad bandwidth and high saturation
photocurrent [3]. In this paper, we reported on the noise suppression properties of the monolithic balanced
distributed photodetector. A high signal-to-noise (SNR) and large suppression of the laser RIN over a
broad range of input powers has been observed in the RF photonic link employing the balanced VMDP.

Figure 1 shows the schematic of the balanced distributed photodetector. It consists of two input
optical waveguides, two arrays of high-speed metal-semiconductor-metal (MSM) photodiodes distributed
along the optical waveguides, and a 50C2 coplanar waveguide (CPW) output transmission line. By biasing
the photodiodes in balanced mode, only the difference photocurrents are collected by the CPW. The
balanced VMDP showed a RIN suppression of more than 17 dB with a very good common mode
rejection ratio (CMRR) > 27 dB.

An RF photonic link with a dual-output complementary Mach-Zehnder modulator (MZM) has
been set up to characterize the noise properties of the distributed balanced receiver. The RF carrier is
fixed at 6.5 GHz. Figure 2 shows the SNR of the link versus the received optical power for both the
distributed balanced receiver and the reference receiver with a single detector. The SNR for the single
detector receiver is almost constant with increasing optical power, indicating that the receiver noise is
dominated by the RIN. In contrast, the SNR for the balanced receiver increases monotonically with
optical power upto 15 mW. For optical power greater than 15 mW, the SNR still increases monotonically
with optical power at a smaller rate. This suggests the presence of some residue RIN. Comparing the two
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receivers, it is also noted that the SNR for the balanced receiver is 23 dB higher than the single detector
receiver.

The RF signals detected by the balanced detector should be exactly at 180° out of phase for
optimum noise suppression. This requires the lengths of the fiber from the complimentary MZM to the
detector to be exactly the same in length. In practical applications, the optical path length will drift
slightly due to environmental changes and it is important to understand the impact of phase mismatch.
Figure 3 plots the variation in the signal peak and the amount of noise suppression when the phase
difference of the RF signal at 6.5 GHz deviates from 180°. The measured data shows that even with a
phase variation of 100°, our device can suppress more than 9 dB of RIN noise whereas the signal peak
reduction was less than 4 dB. As balanced detector amplifies the RF signal by 6dB, with a phase
deviation of 100°, the signal is still higher than that of an unbalanced detector. For the RF signal at 6.5
GHz, 100° phase variation between two fibers corresponds to ~8.5mm of fiber length.

In conclusion, we measured the SNR and phase tolerance of the input RF signals of the high
power distributed balanced receiver. This monolithic balanced receiver has the potential to dramatically
improve the performance of RF photonic links.
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Figure 1. Principle and schematic structure of the distributed balanced photodetector. We
cascaded multiple balanced photodetector pairs in series along a coplanar waveguide to increase
saturation photocurrent.
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ABSTRACT
A novel velocity-matched distributed balanced photodetector with a 50 coplanar
waveguide output transmission line has been experimentally demonstrated in the InP/InGaAs
material system. Distributed absorption and velocity matching are employed to achieve high
saturation photocurrent. A common mode rejection ratio of 27 dB has been achieved. The RF
link experiment conducted at 6.48 GHz shows that the laser intensity noise has been suppressed

by more than 17 dB.
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L. INTRODUCTION

Balanced photodetectors are of great interest to analog fiber optic links because they can
suppress laser relative intensity noise (RIN) and amplified spontaneous emission noise (ASE)
from erbium-doped fiber amplifiers (EDFA) [1]. Because balanced photodetectors can achieve
shot noise-limited link performance, we can continue to improve the noise figure and the
spurious-free dynamic range (SFDR) of externally modulated links by increasing the power of
the optical carrier. Therefore, balanced photodetectors with broad bandwidth and high saturation
photocurrents are particularly important for analog fiber optic link applications. Though discrete
balanced photodetectors with high saturation power have been reported, their bandwidth is
limited [2]. Most of the reported integrated balanced receivers suffer from low saturation power
and are not suitable for analog links. [3-5] Previously, we have reported a velocity-matched
distributed photodetector (VMDP) with a peak saturation photocurrent of 56 mA and a 3-dB
bandwidth of 49 GHz [6]. Recently, InP-based long wavelength VMDP has also been reported
[7]. Compared with other photodetector structures, the VMDP is more suitable for implementing

the balanced photodetection since it has separate optical and microwave waveguides. In this




letter, we propose and demonstrate a novel, monolithic distributed balanced photodetector that
can simultaneously achieve high saturation photocurrent and large bandwidth. A common mode

rejection ratio of 27 dB and a noise suppression of 17dB have been experimentally demonstrated.

I1. DESIGN AND FABRICATION

Figure 1 shows the schematic of the distributed balanced photodetector. It consists of two
input optical waveguides, two arrays of high-speed metal-semiconductor-metal (MSM)
photodiodes distributed along the optical waveguides, and a 50Q coplanar waveguide (CPW)
output transmission line. The diodes are 23 pm long and 5 um wide. The MSM fingers with 1um
width and 1um spacing are patterned by optical lithography. The central conductor of the CPW
has a width of 55 um and the separation between the central conductor and the ground
conductors is 85 um. The 10.5 um overlap of the MSM fingers is designed to provide the
required capacitive loading for velocity matching. Unlike previously reported slow-wave CPW
[8] that ignored the resistance of the MSM photodiode fingers, finite metal thickness and
transmission line discontinuities in their quasi-static calculations, we used a full-wave analysis to

achieve the velocity and impedance matching.

The distributed balanced photodetector inherits the basic advantages of the VMDP,
namely, high saturation photocurrent, high quantum efficiency and large bandwidth. It should be
noted that even though only the difference current (AC signal) is collected in the balanced
photodetector, the DC light is still absorbed in the photodiodes. As a result, high DC saturation
photocurrent is required for the distributed balanced photodetectors. By coupling only a small

fraction of light from the passive waveguide to each individual photodiode, the photodiodes are




kept below saturation even under intense optical input. The bandwidth of the distributed

balanced photodetector remains high because of the velocity matching.

Beam propagation method (BPM) simulation was used to investigate the optical
properties of the balanced VMDP. The simulation results indicate that there is no crosstalk
between the parallel optical waveguides that are 140 um apart. The simulation also shows that an
input beam with TM polarization contributes to the optimum performance and the absorption per
photodiode and the optical coupling loss between photodiodes are shown to be 8.8% and 3.2%,
respectively for the TM polarization. Our calculation shows that the AC quantum efficiency of
42% can be achieved for balanced receiver with 10 pairs of photodiodes. The optical waveguide
consists of the following: a 200-nm-thick Ings»Alo37Gag.11As lower cladding layer, a 500-nm-
thick IngsyAlp178Gag302As core region, a 200-nm-thick IngspAlg37Gag 1As first upper cladding
layer, and a thin Ing 5»Alp4sAs second upper cladding layer. The 150-nm-thick absorption region
is located on top of the waveguide for evanescent coupling. Since the Schottky barrier height of
most metals on the InGaAs is typically between 0.2-0.3 eV, an Ing s,Alp43As cap layer is used to
increase the Schottky barrier height and therefore decrease the dark current in the photodiodes
[9,10]. A graded layer is incorporated in the structure to reduce the minority carrier trapping at

the InAlAs-InGaAs band edge discontinuity.

Fabrication of the receiver started with removing the InGaAs layer except in the active
areas of the photodiodes. Ridge waveguides with 100 nm ridge height were formed by wet
chemical etching. The active regions of the photodiodes were defined by opening 6um x23 um

windows on the 150-nm-thick silicon nitride (SisN4) film deposited by plasma-enhanced




chemical vapor deposition (PECVD). Buffered HF was used to remove the Si3Ny in the windows.
The Ti-Au electrodes and contact pads of the MSM photodiodes were then delineated by
standard lift-off processes. The tips of the MSM fingers are placed on top of Si3N4 to suppress
the soft breakdown and enables the MSM diodes to operate over a wider range of bias voltage
[11]. A 350-nm-thick coplanar waveguide was formed by standard lift-off process to connect the
distributed balanced photodetectors. By measuring the forward current-voltage characteristics,

the barrier height of the metal-semiconductor junction was estimated to be 0.57 eV.

III. MEASUREMENTS AND DISCUSSIONS

The balanced VMDP exhibits very good electrical and optical characteristics. The dark
current is measured to be 28 |.1A/cm2 at 10V bias, the lowest reported for InAlAs/InGaAs MSM
photodiodes. By coupling light directly from a lensed fiber, the average DC responsivity (15
devices tested) was measured to be 0.45A/W at 8V bias. Responsivity as high as 0.6A/W has
been observed in some devices. The photo response of a laser beam with TM polarization is
measured to be ~3 dB higher than that of TE polarization. The coupling efficiency of the lensed
fibers in our setup was calculated to be ~50 %. With antireflection (AR) coating to the balanced
receiver facet (30% Fresnel loss), the average responsivity can be increased to 0.64A/W. The
responsivity can be further improved by optimizing the coupling efficiency of the lensed fiber as
well as reducing the coupling loss between the passive and active waveguide regions by better

controlling the etching steps in the fabrication.

An HP 8510C network analyzer was used to measure the characteristic impedance and the

microwave return loss (S;;) of the balanced receiver. The characteristic impedance of the




receiver is very well matched to 50Q. The S;; is as low as -30 dB from 45MHz to 40GHz. The
CPW has very low insertion loss. The measured S;, shows a drop of only 0.6dB from 45MHz to

40 GHz.

The frequency response of the balanced VMDP was first characterized with light coupled
to one waveguide only. Using the optical heterodyne technique with two external cavity tunable
semiconductor lasers at 1.55 pm, the 3-dB bandwidth was found to be 16 GHz for both
photodetector arrays. The bandwidth is currently limited by the carrier transit time of the MSM
photodiodes. Since our bandwidth of the capacitance loaded CPW is much greater than 40 GHz,
the bandwidth of the balanced VMDP can be increased by scaling down the MSM photodiodes.

Theoretical simulation indicates that bandwidth > 100 GHz is achievable.

Figure 2(a) depicts the experimental setup for balanced detection. A distributed feedback
(DFB) laser with 1542-nm wavelength and 0 dBm output power is employed as optical source. It
is amplified by an EDFA and then filtered by an optical bandpass filter with 2-nm bandwidth.
The microwave signal was modulated onto the optical carrier by an X-coupled Mach-Zehnder
modulator (MZM), which produces two complementary outputs for the balanced VMDP. The
outputs are coupled to the balanced VMDP by two lensed fibers. To maximize the signal
enhancement and noise cancellation, it is important to match the amplitudes and phases of the
two detected microwave signals. In our experiment, a variable attenuator was used to match the
amplitudes of the photocurrents. Typical balance between the VMDP was within 2% of the total
photocurrent reading, which was limited to 4 mA in our current experiments. Since the accuracy

of cutting optical fiber lengths is about 1 mm, a variable delay line was used to ensure equal




optical path lengths between the two fibers, which is necessary to produce the broadband 180°
out-of-phase RF signals for balanced VMDP. The output from the balanced VMDP was
measured using a spectrum analyzer. A common mode rejection ratio of -27dB has been

achieved.

Balanced detection is achieved by applying a bias of 8V between the two ground
electrodes of the CPW. A custom-made high-frequency probe with an integrated DC-blocking
capacitor on one ground probe is used to collect the microwave output signal. The DC difference
photocurrent is monitored through the bias-T connected to the probe. To verify the balanced
detection, we modulated the optical input at 8-GHz and varied the delay of the fiber optic delay
line from 0 to 50 mm. Figure 2(b) shows the RF signal versus the delay. When the RF signals
have 0° phase difference, the AC output is cancelled in balanced mode. At 180° phase difference,

the RF signal is amplified, the extinction ration is more than 44 dB.

Figure 3 shows the RF spectrum of the output from the balanced VMDP in the
unbalanced ( only one waveguide is illuminated ) and the balanced mode. Suppression of the
noise floor by 17-dB has been observed in the balanced mode over a wide frequency range from
6 to 15 GHz. The signal is also enhanced by 6-dB. For bandwidths lower than 6 GHz, the fiber
length for one RF period is longer than 50 mm, the maximum delay length in our current setup.
We are currently working on a new setup with two fiber optic delay lines to achieve exactly
equal optical path lengths for broad band operation without any tuning of the delay line. This

will allow us to measure the broadband characteristics of the device in the balanced mode.




IV. CONCLUSION
We have successfully designed, fabricated, and experimentally demonstrated a balanced
velocity-matched distributed photodetector (VMDP) with both impedance and velocity
matching. The device exhibits a very low dark current and a high external quantum efficiency of
0.64 A/W. Using the balanced VMDP, the relative laser intensity noise (RIN) and the erbium-
doped fiber amplifier (EDFA)-added noise have been suppressed by 17-dB, and the RF signal
has been enhanced by 6-dB. This was the first integration of balanced detectors with high-power,

high-speed distributed photodetectors for high performance RF photonic links.
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Figure Captions:

Fig. 1 (a) Schematic structure of the distributed balanced photodetector. The inset shows the active
region with an MSM photodiode. (b) The photodiodes connected to the optical

waveguide in balanced detection mode.

Fig. 2 (a) Balanced detection setup. The complimentary input signals are produced by the X-coupled
MZ modulator. (b) Peak power of AC signal in balanced mode versus the delay. For RF signal
at 8 GHz, the period was measured to be 38.75 mm, which is very close to the theoretical

value. The power difference between 0° and 180° phase difference is more than 44 dB.

Fig. 3 The AC signal in unbalanced and balanced detection modes are plotted. The balanced output is

almost 6-dB higher in amplitude than the unbalanced signal. Noise suppression of greater

than 17-dB is achieved.
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Distributed Balanced Photodetectors for High Perfofmaﬁce
RF Photonic Links

M. S. Islam, T. Chau, A. Nespola', A. R. Rollinger, S. Mathai, W. R. Deal,
T. Itoh and M. C. Wu

UCLA, Electrical Engineering Department, 66-147D Engineering IV, 405 Hilgard Ave. Los Angeles, CA 90095-1594

Tel: (310) 825-6859, Fax: (310) 825-6954, email: wu@ee.ucla.edu
Politecnico di Torino, Dipartimento di Elettronica, Corso Duca degli Abruzzi 24, I-100129 Torino. Italy

Balanced photodetectors are of great interest to analog fiber optic links because they can suppress laser
relative intensity noise (RIN) and amplified spontaneous emission noise (ASE) from erbium-doped fiber amplifiers
(EDFA) [1]. Because balanced photodetectors can achieve shot noise-limited link performance, the noise figure and
spurious-free dynamic range of the link continue to be improved by increasing the power of the optical carrier.
Therefore, balanced photodetectors with broad bandwidth and high saturation photocurrents are particularly
important for analog fiber optic link applications. Previously, we have reported a velocity-matched distributed
photodetector (VMDP) with a peak saturation photocurrent of 56 mA and a 3-dB bandwidth of 49 GHz {2].
Compared with other photodetector structures, the VMDP is more suitable for implementing the balanced
photodetection since it has separate optical and microwave waveguides. Here, we demonstrate a novel distributed
balanced photodetector that can achieve high saturation photocurrent and large bandwidth simultaneously. A 3-dB

frequency of 16 GHz and a responsivity of 0.64 A/W have been achieved.
Velocity-Matched
Microwaveﬁutput
*

Active
Photodiode

Optical

Waveguide | Optical Input

Figure 1. Schematic structure of the distributed balanced photodetector. The inset shows the active region with
an MSM photodiode. Figure on the right shows the photodiodes connected to the optical waveguide in balanced -
detection mode.

Figure 1 shows the schematic of the balanced distributed photodetector. It consists of two input optical
waveguides, two arrays of high-speed metal-semiconductor-metal (MSM) photodiodes distributed along the optical
waveguides, and a 50Q coplanar waveguide (CPW) output transmission line. Beam propagation simulation results
indicate no crosstalk between the parallel optical waveguides, and the absorption per photodiode and the optical
coupling loss between photodiodes are 8.8% and 3.2%, respectively. The diodes are 23 pm long and 5 pm wide. The
MSM fingers are patterned by optical lithography. The central conductor of the CPW has a width of 55 pum and the
separation between the central conductor and the ground conductors is 85 um. The finger overlap of 10.5 um is
designed to provide the required capacitance loading for velocity matching. The matching ensures broadband
operation. Unlike previously reported slow-wave CPW [3] that ignored the resistance of the MSM photodiode
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out-of-phase RF signals for balanced VMDP. The output from the balanced VMDP was measured using a spectrum

=

DFB Laser EDFA Band Pass X-Coupled B
Filter Mach-Zehnder
RF Input
Variable
Spectrum Balanced Detector  Delay Line

1+

+
Analyzer  Amplifier T + ¢ |
=g= % < i

Figure 3. Balanced detection setup. The complimentary input signals are produced by the X-coupled MZ
modulator.

The device was biased in balanced mode by biasing one of the ground electrodes of the CPW at 8Vols.
We used a custom made probe with integrated DC-blocking capacitor on the ground that connects to the CPW
ground biased at higher voltage. To verify the balanced detection, we modulated the optical input at 8GHz and tuned
the fiber optic delay line from 0 to Smm delay. Figure 4 shows the RF signal verses the delay. When the RF signals

have 0° phase difference, the AC output is cancelled in balanced mode. At 180° phase difference, the RF signal is
amplified, the extinction ration is more than 44dB.
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Figure 4. (a) Peak power of AC signal in balanced mode versus the delay. For RF signal at 8 GHz, the

period was measured to be 38.75 mm, which is very close to the theoretical value. The power difference
between 0° and 180° phase difference is more than 44-dB. (b) The same plot in linear scale.
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Figure 5 shows the RF spectrum of the output from the balanced VMDP in the non-balanced ( only one
waveguide is illuminated ) and balanced mode. Suppression of the noise floor by 12-dB has been observed in the
balanced mode over a wide frequency range from 6 to 15 GHz. The signal is also enhanced by 6-dB. Typical
balance between the VMDP was within 2% of the total photocurrent reading, which was limited to 2 mA in our
preliminary experiments. For bandwidths lower than 6 GHz, the fiber length for one RF period is longer than 5 mm,
the maximum delay length in our current setup. We are currently working on a new setup with two fiber delay lines
to achieve exactly equal optical path lengths for broad band operation without any tuning of the delay line. This will g
allow us to measure the AC responsivity of the device in balanced mode. ‘
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Figure 5. The AC signal in non-balanced (a) and balanced (b) detection modes are plotted separately. The 3
balanced output is almost 6-dB higher in amplitude than the non-balanced signal. Preliminary results show a
noise suppression level greater than 12-dB.

In conclusion, a balanced velocity-matched distributed photodetector (VMDP) with both impedance and
velocity matching has been designed and successfully fabricated. Preliminary experimental results shows that the
relative intensity noise has been suppressed by 12-dB, and the signal has been enhanced by 6-dB. This was the first
integration of high power and high speed balanced detectors with a slow microwave transmission line to be used in
high performance RF photonic links.
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